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The diet of Pleistocene cave bears (Ursus spelaeus, U. deningeri) is debated extensively. 
Traditionally, cave bears were thought to be herbivorous, but more recent studies have 
proposed that they were more omnivorous. To test this, their skull morphology and that of 
their confamilials were analysed using 3D geometric morphometrics. The eight extant Ursidae 
occupy various dietary niches, which are expected to affect the functional morphology of the 
skull; the resulting dietary morphospace is used to determine the position of cave bears.  
Landmarks for 3D digitisation were chosen to reflect functional morphology. Extant and extinct 
Ursidae were digitised with a Microscribe G2. Generalised Procrustes superimposition was 
performed on the raw coordinates and allometry removed by regressing these onto the log (ln) 
centroid size pooled per species. Principal component analyses (PCA) and two-block partial 
least squares analyses (2B-PLS) were conducted on the regression residuals, and (multivariate) 
analyses of (co)variance ((M)AN(C)OVA) and discriminant function analyses (DFA) performed 
on the PC scores.  
PCA and 2B-PLS differentiate between known dietary niches in extant Ursidae. (M)AN(C)OVA 
and DFA results suggest that cave bears were herbivorous. Differences in the results between 
the temporalis and the masseter are seen primarily in the position in morphospace of the 
extant spectacled bear (Tremarctos ornatus), probably due to the influence of its 
premasseteric fossa on the morphology of the masseteric fossa. Additionally, ANOVAs suggest 
that there was intraspecific variation within U. spelaeus contradicting lineages proposed on the 
basis of mitochondrial DNA. This variation may be attributable to environmental factors, such 
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1.1.1 Research aims 
 
The relationship between form and function has already been established for many features of 
carnivorans. These relationships serve as a basis for understanding fossil carnivoran behaviour 
from their morphology (Heinrich and Rose 1997). The present thesis builds on this approach by 
assessing the morphology of modern and fossil bears using three-dimensional geometric 
morphometrics. This work has several aims. Firstly, it aims to assess the factors that influence 
extant bear mandibular and cranial morphology. Secondly, it aims to identify the factors acting 
on fossils and assess whether these are the same as those acting on the extants. More 
specifically, it aims to quantify intraspecific variation for extant bears and compare this with 
the variation within fossil bears. This will contribute to knowledge in ursid biology and 
evolutionary history. Intraspecific differences in mandibular morphology may be used to 
identify dietary or environmental differences between populations. First, however, it is 
necessary to assess the palaeoenvironment of the Pleistocene fossil bears from Europe.  
 
1.1.2 Palaeoenvironment in Pleistocene Europe 
 
There has been some debate on the exact extent of the Pleistocene (Gibbard and Cohen 2008). 
In the present thesis, the Pleistocene of Europe is considered to be including the Gelasian (i.e., 
2.6 Megaanni (Ma) to 11.7 ka), which is based on the beginning of the Quaternary Ice Age 
(Gibbard et al. 2010). 
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Climate in the Pleistocene underwent large changes through time under influence of the 
Milankovitch cycles. Climate varied between humid warm (interglacials) and dry cold (glacials), 
with cycles of approximately 100 ka and temperature differences of up to 15 degrees Celcius 
(°C) (Brugal and Croitor 2007; Lowe and Walker 1997). Smaller climatic changes, such as the 
Heinrich events, were also occurring in the Pleistocene (Lowe and Walker 1997). As a result of 
these large climatic changes, ice sheets and glaciers advanced and retreated, desert and 
savannah margins shifted and sea level rose and fell over a vertical range of approximately 150 
metres (m) (Lowe and Walker 1997). 
 
1.1.3 Mammalian communities in Pleistocene Europe 
 
Several mammal communities have succeeded each other through the Pleistocene (Pushkina 
2007). In the Early Pleistocene, Europe was occupied by Villafranchian and Galerian faunas, 
characterised by the Etruscan rhinoceros (Stephanorhinus etruscus), southern mammoth 
(Mammuthus meridionalis), Tuscany jaguar (Panthera onca toscana), giant cheetah (Acinonyx 
pardinensis pardinensis), Owen’s panther (Puma pardoides), Megantereon (Megantereon 
cultridens), saber-toothed cat (Homotherium crenatidens) (Kahlke 2006). The “wolf event”, a 
canid dispersal bioevent into Europe, occurred in the Early Pleistocene around 1.8 Ma, also 
associated with the dispersal of deer (Cervus and Dama) giant hyaena (Pachycrocuta 
brevirostris)  and European jaguar (Panthera onca gombaszoegensis) (Brugal and Croitor 2007; 
Palombo et al. 2008). In Eurasia, at the end of the Early Pleistocene, a faunal turnover, caused 
by both the evolution and migration of species, takes place called the end-Villafranchian event 
(van Kolfschoten and Markova 2005). Crocuta and panthers dispersed at the beginning of the 
Middle Pleistocene and their possible compatitors, Pachycrocuta brevirostris and Panthera 
onca gombaszoegensis, became extinct around the same time (Palombo et al. 2008). The end-
Villafranchian event is also marked by the extinction of the majority of Villafranchian 
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ruminents, like the large Tiglian deer (Eucladoceros ctenoides) and the small Tiglian deer 
(Metacervoceros rhenanus) (Brugal and Croitor 2007). There were also regular and multiple 
migration waves of large bodied herbivores during this period (Brugal and Croitor 2007).  
In the Middle Pleistocene, the fauna consisted among other things of: European jaguar 
(Panthera onca gombaszoegensis), European cheetah (Acinonyx pardinensis pleistocaenicus), 
deer (Praemegaceros, Arvenoceros, Cervus and Dama), oxen (Ovibos, Bos and Bison) and 
Middle Pleistocene cave bear (Ursus deningeri) (Brugal and Croitor 2007; Kahlke 2006). The 
dispersal of the wolf (Canis lupus) was the main late Middle Pleistocene event (Palombo et al. 
2008). The cave hyaena  (Crocuta crocuta spelaea) entered Europe at around 500 ka (Nagel et 
al. 2006). 
In the Late Pleistocene, the straight-tusked elephant (Palaeoloxodon antiques), Merck’s and 
narrow-nosed rhinoceroses (Stephanorhinus kirchbergensis and S. hemitoecus), aurochs (Bos 
primigenius), hippopotamus (Hippopotamus amphibius), giant deer (Megaloceros giganteus), 
fallow deer (Dama dama), roe deer (Capreolus capreolus), wild boar (Sus scrofa) and water 
buffalo (Bubalus murrensis) were characteristic of the last Pleistocene interglacial (Eemian, 
130-114 ka) in central Europe (Currant and Jacobi 2001; Kolfschoten 2000; Pushkina 2007). The 
last glacial assemblage was composed of the woolly mammoth (Mammuthus primigenius), 
woolly rhinoceros (Coelodonta antiquates), steppe bison (Bison priscus), musk ox (Ovibos 
moschatus), reindeer (Rangifer tarandus) and saiga antelope (Saiga tatarica) (Pushkina 2007). 
Cave hyaenas occurred in Europe both during glacials and interglacials, but were significantly 
larger in cold environments (Nagel et al. 2006). The Middle Pleistocene cave bear had evolved 
into the classic cave bear (Ursus spelaeus) (McLellan and Reiner 1994). 
Many of the caves containing Pleistocene fossils were discovered and excavated before the 
importance of stratigraphy was recognized (McFarlane and Lundberg 2005; Wagner 2001). This 
means that many Pleistocene localities are not dated very well and even within one locality 
relative dates are not available. 
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1.1.4 Bears in Pleistocene Europe 
 
There are eight living species of Ursidae, spread over five genera (ITIS 2011): Ursus, Helarctos, 
Tremarctos, Ailuropoda and Melursus. In the Pleistocene of Europe, however, the now extinct 
cave bears (U. deningeri, Middle Pleistocene; U. spelaeus, Late Pleistocene) were also present. 
Pleistocene Europe was characterised by large climatic changes; the colder periods, glacials, 
were particularly harsh (i.e., intensive frost and wind, Rousseau et al. 2001; Wright 1961). Flora 
and fauna had to adapt to these conditions or they would become (locally) extinct. This was 
also the case for Ursidae.  
Two species of cave bear arose during the Pleistocene: U. deningeri and U. spelaeus. The 
former has been interpreted as the ancestor of the latter (Bon et al. 2008; Hänni et al. 1994; 
Rossi and Santi 2001). Their distribution extended from northwest Spain to the Urals, and from 
Belgium and the Harz region of Germany to Italy and Greece, and to the Crimea (Enloe et al. 
2000; Grandal-d'Anglade and Vidal Romaní 1997; Kosintsev 2007). The later species, U. 
spelaeus, became extinct in Eurasia during the late Quaternary, approximately 27,800 
calibrated years before 1950 A.D. (cal. yr. BP) (Pacher and Stuart 2008).  
The diet and behaviour of U. deningeri and U. spelaeus is debated at present (Athen 2006, 
2007; Bocherens et al. 1997; Bocherens et al. 1994; Figueirido et al. 2009; Hilderbrand et al. 
1996; Osborn 2010; Peigné et al. 2009; Pinto Llona 2006; Quilès et al. 2006; Rabal-Garcés et al. 
in press; Richards et al. 2008). To contribute to this debate, the relationship between form and 





1.1.5 Morphology and Function 
 
Form and function are inseparable (Bock and von Wahlert 1965). The mandible is simple in 
that its main function is mastication (Tseng and Binder 2010). In an individual animal, the 
mandible resists loads and muscular contractions (Bock and Wahlert 1965). Mandibular form 
both constrains, and is shaped by, force and motion. In an environmental context, the 
mandible’s form is compatible with its owner’s size and food habits and, thus, is indirectly 
related to habitat and environment. Bone form is largely heritable and evolutionary change 
requires selective genetic and epigenetic reorganisation, even though ecophenotypic plasticity 
allows bones to be modified to some extent during an individual’s lifetime (Cock 1966; 
Grüneberg 1963). Using geometric morphometrics in a biogeographic study, such as the 
present study on bears, has potential for understanding how form changes in space and time 
during evolution and in relation to environmental factors (Cardini et al. 2010). 
 
1.1.5.1 Mandibular biomechanics 
 
There are five main aspects of mastication (Herring 1993): interaction of teeth with food, 
chewing force and its resistance by the skull, jaw movement, the role of muscles in producing 
force and movement, and intraoral structures. The first four are discussed below, as the last is 
not important to this research. 
The interaction of teeth with food is different for each type of tooth and type of food. The 
anterior teeth consisting of the canines and incisors, are used for display, defence, killing prey, 
and dismembering carcasses (Van Valkenburgh 1989). The incisors set on a slight curve form a 
mechanism capable of gripping and tearing (Ewer 1973). The premolars function as piercers in 
some species and as crushers in others (Van Valkenburgh 1989). There is a trend of increasing 
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premolar roundness that corresponds to a shift away from a predominantly meat diet toward 
one that includes more nonvertebrate foods or bone (Van Valkenburgh 1989). The M1 is often 
a two function tooth, where the anterior half, the trigonid, acts as a blade and the posterior 
half, the talonid, acts as a grinding basin.  A measure of relative blade length of M1 stands as a 
good indicator of meat content of the diet (Van Valkenburgh 1989). The positive correlation 
between relative trigonid blade length and meat eating reflects the blade’s primary function as 
a meat slicer. M2 and M3 generally have the same function as the talonid of M1, namely 
grinding. As grinding becomes a more important part of mastication, the surface area/length 
of the grinding basin increases. 
The interaction between the tooth and the food particles is also dependent on the physical 
properties of the food being masticated (Lucas 2004). Research on the physical properties of 
food has been conducted in the context of primate research by Williams et al. (2005). This 
study found that soft fruits are less tough than leaves, insect cuticles are tougher than both 
other categories and hard fruits and pits are the toughest. In terms of elasticity, soft fruits, 
leaves and insect cuticles are more elastic than hard nuts and pits. A detailed overview of food 
properties of many items and dental properties of many species is given in Lucas (2004). 
Chewing force exerted by the masticatory muscles results in loading forces on the mandible 
and cranium. The shape of the mandibular corpus gives an indication of the loading forces on 
the mandible and where in the tooth row the most demanding part of mastication takes place. 
Generally, a more robust mandible is more resistant to loading forces. For example, for a given 
mandibular length, the mandibular corpus of C. crocuta is especially robust ventral and caudal 
to the precarnassial bone-cracking premolars, which serves to resist forces produced in 
processing particularly hard food items such as bone, as was determined by finite element 
analysis (Tseng and Binder 2010). The posterior temporalis and the superficial masseter, the 
former pulling backwards on the inner surface of the jaw and the latter forwards on its outer 
surface, tend to twist the condyle out of joint (Ewer 1973). A more developed condyle could 
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counter loading forces formed in the mandibular corpus (Zhang et al. 2007). The strong 
compressive forces that form a large burden on either side of the mandibular corpus during 
chewing may result in heavy twisting and shearing strains along the rostrocaudal axis of the 
mandibular body (Zhang et al. 2007). A robust symphysis may help prevent the two sides of 
the mandible body from separating (Zhang et al. 2007). Finite element analysis on the cranium 
of the dingo (Canis lupus dingo) has shown that stress generally increases in the cranium as 
gape angle decreases. 
The range of motion of the jaw is mostly determined by the shape of the condyle and the 
direction in which the muscles pull (Herring 1993). Use of the anterior teeth requires only a 
simple hinge-like jaw closure, with sufficient force to drive in the canines (Ewer 1973). The 
carnassial shearing demands lateral movement of the jaw as it closes, so that the upper and 
lower blades are kept in proper adjustment all the time (Ewer 1973). The transversely 
elongated glenoid articulation acts as a strong hinge joint and at the same time permits some 
lateral movement (Ewer 1973). Lateral movement can also increase the efficiency of the 
molars by adding a shearing component to their direct crushing or pulping action (Ewer 1973). 
The masseter and temporal muscles are composed of individual compartments, of which the 
orientation differs with regard to the occlusal plane (Laison et al. 2001). The masseter muscle 
complex is a very powerful elevator of the mandible (Miller 1985). The masseter muscle fibres 
originate from the lower border of the zygoma and run down to insert on the angle of the 
lower jaw and in the masseteric fossa (Ewer 1973). The deep layer of the masseter muscle 
originates by a strong tendon from the ventral border of the zygomatic arch craniad of the 
mandibular fossa. The fibres pass cranioventrad, diverge, and insert into most of the external 
masseteric fossa (Miller 1985), thus exerting a strong backward pull on the mandible (Ewer 
1973). The superficial layer of the masseter muscle lies behind and below the orbit (Miller 
1985). It originates by a superficial aponeurosis from the ridge on the exterior of the 
zygomatic, and by fibres from the exterior of the zygomatic bone below this ridge (Miller 
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1985). These fibres pass obliquely caudad to insert on the caudal portion of the lateral edge of 
the mandible, the angular process, ventrally by a large fascia on the interior aspect of the 
muscle (Miller 1985). The superficial fibres pass ventrad of the mandible to insert into a 
connection of tendons between the masseter and the pterygoideus pars interna (Miller 1985): 
their action therefore includes a considerate forward pulling component (Ewer 1973). Since 
the zygoma lies laterad to the mandible, the masseter fibres must also exert some lateral pull.  
The masseter is most effective when the jaw is almost closed (Ewer 1973). As gape increases, 
masseter muscle in levers decrease, and so do bite forces (Emerson and Radinsky 1980; 
Herring and Herring 1974).  
The main muscle complex used in closing the mouth is the temporalis group (Miller 1985). The 
temporalis arises from the lateral surface of the braincase, the temporal fossa, and from the 
ligament behind the eye between the zygomatic process of the frontal and the zygomatic. Its 
fibres run down to insert on the anterior border and upper part of the coronoid process (Ewer 
1973; Miller 1985). Its anterior fibres thus pull directly upward, while the more posterior ones 
pull upward and backward. The posterior fibres of the temporalis are most effective when the 
jaws are widely open (Ewer 1973). Adaptations for attaining a large gape are a ventrally 
deflected glenoid fossa and reduced coronoid process (Christiansen 2006; Christiansen 2008a; 
Emerson and Radinsky 1980). Since the jaw lies laterad to the braincase, the temporalis fibres 
must also have some tendency to pull the jaw mesiad. The deep layer of the temporalis muscle 
originates with fibres from the entire surface of the temporal fossa except where the 
superficial portion attaches (Miller 1985). These fibres extend to the coronoid process with the 
ventral exterior portion covered by a strong fascia (Miller 1985). The deep layer of the 
temporalis muscle inserts on the entire inner surface of the coronoid process of the mandible 
(Miller 1985). The insertion of the temporal muscle is partially fused with the deep parts of the 
masseter muscle at least in Ursus thibetanus and Ailuropoda melanoleuca (Endo et al. 2003). 
The superficial layer of the temporalis muscle consists of the temporal fascia which attaches to 
the periphery of the temporal fossa, the sagittal and lambdoidal crests, the caudal edge of the 
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zygomatic, the dorsal edge of the zygomatic process of the temporal, the rounded surface 
between the zygomatic process of the frontal and the sagittal crest, the caudal edge of the 
zygomatic process of the frontal, and to the ligament between the zygomatic process of the 
frontal and the zygomatic (Miller 1985). A median sagittal crest gives more space for the 
temporalis attachment (Ewer 1973). And, larger neck muscles can be accommodated by the 
addition of an occipital crest. The superficial temporalis originates at the craniolateral portion 
of the temporal fascia, from the temporal and the zygomatic process of the temporal, from the 
zygomatic process of the zygomatic and from the dorsal  aspect of the frontal and its 
zygomatic process (Miller 1985). The insertion is on the peripheral edges of the coronoid 
process and the exterior of the coronoid process dorsad of the masseteric fossa, and both 
borders of the coronoid process (Miller 1985). The cranial fibres are inserted craniad of the 
coronoid process onto the planum tendineum temporalis, and aponeurosis that acts to extend 
the tip of the coronoid and receives fibres from both the superficial and the deep layer of the 
temporalis muscle (Miller 1985). This aponeurosis covers the deep portion of the muscle 
(Miller 1985).Since some of the temporalis muscle fibres originate from the orbital ligament 
and the connective tissue closing off the back of the orbit, there is a relationship between the 
size of the eyes, the importance of the temporalis and the size of the post orbital processes on 
the frontal and on the zygoma, which support the orbital ligament (Ewer 1973).  
 
1.1.5.2 Dietary reconstruction 
 
Many dietary reconstructions have been done on fossils of extinct animals over the years. 
Most of these are based on the morphology of the teeth (Dayan et al. 2002; Rensberger and 
Wang 2005; Strait 2001; Ungar and M'Kirera 2003). Wear and microwear of the teeth are 
another aspect of the dentition, which may be used to reconstruct diet (El-Zaatari et al. 2005; 
Lange-Badré and Böhme 2005). The latter, however, only provides information on the food 
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items masticated during the short period before death or loss of the tooth, generally 
estimated to be days to weeks (Walker and Teaford 1989). Jaw and skull morphology has also 
often been used to infer the diet of extinct animals (Dayan et al. 2002; Therrien 2005; Wroe et 
al. 2005).  With recent technological advances, it has also become possible to do isotopic 
analyses, which provide information on the trophic level and/or the types of plants eaten 
(Cerling et al. 2011; Lee-Thorp et al. 2010; Sponheimer et al. 2005). 
 
1.2 Taxonomy, Systematics and Evolution of Ursidae 
 
1.2.1 Order Carnivora 
 
The word Carnivora, the Linnean term for the order to which bears belong, is Latin and literally 
means meat-devourers (Pinkster 1998). The characterisation of this group of animals is based 
on several anatomical characters (Feldhamer et al. 2007), some of which are specifically 
adapted to the devouring of meat: the presence of carnassials, which are two specialised 
teeth, namely the fourth upper premolar (with a slicing paracone and metacone) and the first 
lower molar (with an expanded grinding talonid and a slicing trigonid), a transverse glenoid 
cavity of the squamosal bone, and confluent scaphoid and lunar bones of the carpus called the 
scapholunar. Carnivores are diphyodont and heterodont, mostly with three pairs of incisors 
(the only exceptions being the sea otter, Enhydra lutris, with only two pairs of lower incisors 
and the sloth bear, Melursus ursinus, with only two pairs of upper incisors), and strongly 
developed canines. They normally have five toes on each extremity, although there are 
exceptions. The clavicles are vestigial or completely absent (Ewer 1973).  
The order is subdivided into two suborders (Caniformia and Feliformia) (ITIS 2011) and three 
superfamilies (Ursoidea, Canoidea and Feloidea) (Wozencraft 1989). In Caniformia, the 
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external nostril holds the complex maxilloturbinal bone, the ethmoturbinals are confined to 
the posterior part of the nasal fossa, and the inferior ethmoturbinal is reduced in size (Cope 
1882). The suborder Caniformia consists of the two superfamilies Ursoidea and Canoidea. 
Ursoidea are characterised by the lack of contact between the jugal and the lacrimal, and the 
formation of a hypomastoid fossa (Wozencraft 1989).  
 
1.2.2 Family Ursidae 
 
There is no real consensus about the phylogeny of the whole Ursidae family, including fossil 
species. For example, the position of Ailuropoda is assumed to be within Ursidae by some (e.g., 
Bininda-Emonds et al. 1999; Flynn and Nedbal 1998; Talbot and Shields 1996; Wozencraft 
1989) and a separate family by others (Tagle et al. 1986; Zhang and Shi 1991); also, the number 
of subfamilies within Ursidae varies from three to five (e.g., McLellan and Reiner 1994; Pilgrim 
1932; Quilès 2002). According to recent taxonomic classifications, however, Ursidae are 
subdivided in four subfamilies: the extant Ursinae, Ailuropodinae and Tremarctinae (Fulton 
and Strobeck 2006), and the fossil Hemicyoninae (Ginsburg and Morales 1998). 
Ursidae are a family within the superfamily Ursoidea and evolved from early canids (McLellan 
and Reiner 1994). Their earliest known appearance in the fossil record is Hemicyoninae in the 
Late Eocene, around 37 Ma (Ginsburg and Morales 1998; McLellan and Reiner 1994) (Figure 
1-1). This small ancestral ursid (1-10 kg) looked similar to dogs or foxes and was able to run 
and climb (Hunt 2004). Cephalogale occurred in Eurasia from the Late Oligocene and North 
America from the Early Miocene (McLellan and Reiner 1994). Hemicyoninae were largely 
carnivorous, but Cephalogale became increasingly omnivorous, which is why is it considered to 




Figure 1-1: A tentative phylogeny of Ursidae subfamilies. After McLellan and Reiner (1994). 
 
In the Miocene, approximately 20 Ma, the genus Ursavus Schlosser 1899  first appeared  in 
Europe and subsequently spread to Africa, Asia and North America, persisting until 9 Ma (Hunt 
2004; Martin 1989; McLellan and Reiner 1994) (Figure 1-1). Ursavus is the ancestral ursine 
bear. The fossils generally only constitute of dental remains, sometimes set in fragmentary 
jaws. The remains of this animal resemble a bear, but with a much smaller size. The only 
complete skeleton of Ursavus was found in China. It is the size of a large domestic cat and 
adapted to both a terrestrial and arboreal lifestyle (Hunt 2004). Viranta and Andrews (1995) 
studied the carnivores from the Middle Miocene Paşalar fauna (Turkey) and their results 
showed that Ursavus was omnivorous. This was based on the short blade and the robust large 






















Figure 1-2: A tentative phylogeny of the subfamily Ursinae. Modified after McLellan and Reiner (1994) and 
Bininda-Emonds et al. (1999). 
 
Not much is known of the evolution of Ailuropodinae from Ursavus. A number of teeth have 
been found in China dating to the Miocene, which have been assigned to the species 
Ailurarctos lufengensis (Hunt 2004). Rare Pleistocene specimens have either been assigned to 
A. microta or A. melanoleuca (Hunt 2004).  
Short-faced ursids (Tremartinae) first appear about 7 Ma in North America as the genus 
Plionarctos, which does not have a premasseteric fossa, and is very rare (Hunt 1999). 
Tremarctos first appears in North America at about 2.5 Ma and may have evolved directly from 
Plionarctos (Hunt 1999). Tremarctos subsequently reached South America, where it is still 
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present as T. ornatus.  Arctodus, which was derived from early Tremarctinae, appears in North 
America in the Pleistocene and subsequently reaches South America (Hunt 1999). 
The genus Ursus evolved from Ursavus, but its exact ancestor is unknown due to the time gap 
between the last record of Ursavus and the earliest Ursus (Hunt 2004). The genus Ursus is first 
known from a species from the late Pliocene of Europe: U. minumus (Hunt 2004; Martin 1989; 
McLellan and Reiner 1994) (Figure 1-2). U. minimus migrated to Asia and became U. abtrusus 
North America (Hunt 1999), which later evolved into U. americanus (McLellan and Reiner 
1994).  
In Asia, U. minimus evolved into the Asiatic black bear (U. thibetanus) and the lineage leading 
to the sloth and Malayan sun bears (McLellan and Reiner 1994). The Etruscan bear (U. 
etruscus) evolved from U. minimus in Europe and possibly gave rise to both the brown bear (U. 
arctos) and the cave bears (U. deningeri, followed by U. spelaeus) (Azzaroli 1983; Bon et al. 
2008; Hänni et al. 1994; Martin 1989; McLellan and Reiner 1994; Rossi and Santi 2001). U. 
arctos evolved into polar bear (U. maritimus) around 1 Ma. 
 
1.3 Morphology, Function and Behaviour of Extant Bears 
 
1.3.1 Family Ursidae 
 
Members of the family Ursidae (bears) are relatively large (35-1000 kilogram (kg), Kurt 1990b). 
Bears have stocky legs and a long snout. They also have a rudimentary tail, five digits on both 
the front and hind limbs and unretractile claws. The carotid canal opens in the superior part of 
the tympanic bulla. The lacrimal is reduced to the point of being a vestigial rim of bone around 
the naso-lacrimal foramen, and the paroccipital-mastoid ridge encloses the hypomastoid fossa 
and the stylomastoid foramen (Wozencraft 1989). The derived uninflated auditory bullae are 
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relatively flat and quite small compared to the mastoid, squamosal, and basioccipital processes 
(Hunt 1974). The canines are powerful, but not very sharp. The dentition is characterised by 
the development of bunodont molars and, in some species, the premolars are reduced 
(Wozencraft 1989). The position of the extremities differs across species and varies from 
plantigrade to semi-plantigrade. The clavicle is absent and the baculum grows with age. 
The hibernation undergone by some bear species is not a true hibernation, because, due to 
their size, their body temperature only drops by 4-5° C (Folk et al. 1977; Folk et al. 1976; Hissa 
et al. 1994; Watts et al. 1981). Bears that ‘hibernate’ do so for three to seven months and they 
do not eat, drink, urinate or defecate during this time (Folk et al. 1977; Folk et al. 1976; Nelson 
et al. 1983). Female bears give birth to their cubs and nurse them while ‘ hibernating’ or 
denning. 
 
1.3.2 Ailuropoda melanoleuca David 1869 
 
The panda or giant panda (A. melanoleuca) lives in China and resembles other living Ursidae in 
general body shape and proportions, but differs from them in distinctive coat colour: white 
with black eye patches, ears, extremities, and a stripe across the shoulders. The social system 
of the panda is not well known, but has been characterised by competition and avoidance 
mediated by chemical communication (White et al. 2002). Body length is approximately 120-
150 centimetre (cm) and they weigh 75-160 kg (Chorn and Hoffmann 1978). No sexual 
dimorphism is mentioned in the scientific literature. The feet are semi-plantigrade (Chorn and 
Hoffmann 1978). Due to the expansion of the masticatory apparatus, the alisphenoid canal and 
the postorbital process are absent. The dental formula is: Incisors (i)3/3,canine (c) 1/1, 
premolars (p) 4/4, molars (m) 2/3.  
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The expansion of the masticatory apparatus is caused by the panda’s tough diet. The panda’s 
main food includes different types of bamboo, but they may also consume plants other than 
bamboo, and they eat meat when available (Schaller et al. 1989). Pandas show marked 
seasonal preferences for certain parts of the bamboo, the reason for which remains unclear 
(Schaller et al. 1989). They prefer leaves from October to March. From April to June, they 
decrease their leaf intake, sometimes even avoiding leaves all together. In July, they start 
eating leaves again. During August and September they mainly consume new shoots.  
Pandas have no need to ‘hibernate’ (Owen et al. 2005; Sun 2004; Zhu et al. 2001), as they have 
access to a food resource that varies little in availability and nutritional value throughout the 
year (Schaller 1990; Schaller et al. 1989). They use dens under boulders or tree roots, however, 
for the birth and care of their neonates (Schaller 1990; Zhu et al. 2001). Panda females give 
birth in late summer (Spady et al. 2007). They normally give birth to a single cub and, when 
twins occur, one generally dies quickly naturally (Sun 2004; Wang et al. 2004; Zhu et al. 2001).   
Pandas may be active or inactive at any time of day or night, but they have a tendency to be 
crepuscular (Schaller 1990; Schaller et al. 1989). In captivity, pandas display a bimodal activity 
pattern, probably to accommodate zoo feeding times (Mainka and Zhang 1994).  
 
1.3.3 Helarctos malayanus Raffles 1822 
 
The Malayan sun bear (H. malayanus) lives in Southeast Asia and is the smallest of all Ursidae, 
with a length of only 70-140 cm and a weight of 25-65 kg (Fitzgerald and Krausman 2002; Kurt 
1990b; Meijaard 1998). Males are 10-20% larger than females (Augeri 1995; Wong 2002). The 
Malayan sun bear may be solitary in the wild (Ortolani and Caro 1996). H. mayalanus has 
bowed forelimbs and the paws are turned inwards with long claws, which is an adaptation to 
climbing trees (Augeri 1995; Wong 2002). The hindlimb is also adapted to tree climbing (Sasaki 
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et al. 2005). H. malayanus has an exceptionally long tongue, which can be extended 20-25 cm 
during feeding, and mobile lips; both of these traits are likely to be adaptations to insect 
feeding (Augeri 1995; Fredriksson et al. 2006; Meijaard 1998). The dental formula is: i 3/3, c 
1/1, p 4/3, m 2/3.  
H. malayanus is primarily frugivorous and insectivorous, but also eats honey and meat (Ewer 
1973; McConkey and Galetti 1999; Meijaard 1998; Wong et al. 2002). The diet is highly 
seasonal; almost all of the diet consists of fruit during the fruiting season, but is predominantly 
made up of insects during the non-fruiting season (Fredriksson et al. 2006). 
No ‘hibernation’ is observed in H. malayanus (Sam 1999). Tree cavities may be used as denning 
sites for pregnant female sun bears (Wong et al. 2004). Both captive and wild populations of 
the Malayan sun bear give birth year-round (Spady et al. 2007). Litters consist of one or two 
young (Kurt 1990b; Meijaard 1998).  
Malayan sun bears are largely diurnal in unperturbed areas, but strictly nocturnal at sites with 
human activity (Griffiths and van Schaik 1993). It is possible that the bears are preferentially 
active around midday (Meijaard 1998).  
 
1.3.4 Melursus ursinus Shaw 1791 
 
The sloth bear (M. ursinus) is endemic to the Indian subcontinent (Yoganand et al. in press). 
They are solitary animals. Adult males weigh between 80 and 150 kg, and are larger than 
females, which weigh between 60 and 100 kg (Laurie and Seidensticker 1977; Yoganand et al. 
in press). The length of sloth bears varies between 140 and 190 cm (Kurt 1990b; Laurie and 
Seidensticker 1977; Yoganand et al. in press). M. ursinus can close its nostrils, its tongue and 
lips are extremely protrusible and it can shape its tongue into a suction tube, all of which are 
adaptations to feeding on ants and termites (Kurt 1990a; Yoganand et al. in press). Its palate is 
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long and broad, its molars are relatively small and the I1s are absent. The sickle-shaped front 
claws of M. ursinus are longer than the hind claws, which is most likely an adaptation to 
digging and cracking open nests (Kurt 1990a; Yoganand et al. in press). There are two 
subspecies: M. ursinus ursinus, living on the Indian subcontinent, and M. ursinus inornatus, 
living on Sri Lanka.  M. u. inornatus is approximately two thirds of the size of M. u. ursinus and 
tends to have shorter hair (Ratnayeke et al. 2007). Helarctos malayanus is known to have 
hybridised with Melursus ursinus (Fitzgerald and Krausman 2002). The dental formula of M. 
ursinus is: i 2/3, c 1/1, p 4/4, m 2/2-3. 
The diet of sloth bears consists mostly of social insects and fruits (Bargali et al. 2009; Laurie 
and Seidensticker 1977; Sreekumar and Balakrishnan 2002; Yoganand et al. in press), but also 
roots, carcasses and honey (Kurt 1990a). The diet of the sloth bear follows the availability of 
food items per season and across its range. During the non-fruiting season, M. ursinus 
consumes mostly insects and small amounts of fruit, whereas it eats more fruit during the 
fruiting season, the fruit consumed depends on which species are present and the timing of 
their fruiting seasons (Laurie and Seidensticker 1977; Yoganand et al. in press). 
Sloth bears do not ‘hibernate’, because they only live in low elevation areas where climates are 
warm, and, hence, they do not accumulate fats or change their rate of metabolism (Akhtar et 
al. 2007). Birthing occurs in day dens from June to January (Garshelis 2004; Laurie and 
Seidensticker 1977; Mead 1989; Yoganand et al. in press). On average, a mother bear has two 
cubs (Kurt 1990b; Laurie and Seidensticker 1977; Parker 1990; Yoganand et al. in press).  
M. ursinus can be active at all times of the day, but it is most active at night or in the evening 
(Laurie and Seidensticker 1977; Yoganand et al. in press). Subadults and females with cubs, on 
the other hand, limit their activity to daylight hours (Yoganand et al. in press). 
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1.3.5 Tremarctos ornatus Cuvier 1825 
 
The spectacled bear (T. ornatus) is the largest South American land mammal, after tapirs 
(Cavelier et al. 2010; Padilla et al. 2010). It is a solitary species (Sun 2004). It is an agile climber 
and very good swimmer (Castellanos 1998; Kurt 1990b). Adult males are approximately 130-
210 cm and females are about one third smaller (Anonymous 2007; Castellanos 1998). Males 
weigh between 100 and 200 kg, and females between 35 and 80 kg (Anonymous 2007; 
Castellanos 1998). A very remarkable feature of T. ornatus’ morphology is the premasseteric 
fossa on the mandible. The fossa leads to an extension of the vestibulum oris and the axis is 
tilted to make an angle of approximately 12° with the occlusal plane (Davis 1955). This results 
in a cheek pouch with a relatively limited capacity, although it has not been reported to be 
used in that way. The dental formula is i 3/3, c 1/1, pm 4/4, m 2/3. 
T. ornatus  is mainly folivorous and frugivorous (Castellanos 2001; Goldstein 2004; Peyton 
1980; Rivadeneira-Canedo 2008; Troya et al. 2004). Its diet varies between populations, and is 
most extensively researched in Ecuador. In the Oyacachi River Basin, the bears eat mostly 
Bromelia (genus of fibrous plants belonging to the family Bromeliaceae) and include a small 
portion of invertebrates in their diet (Troya et al. 2004). A diet based on palms and including 
vertebrates, however, has been reported in the Maquipucuna Biological Reserve (Castellanos 
1998, 2001). In the Alto Chocó Reserve and the Intag Region, the primary resource for 
spectacled bears is suro (Chusquea spp.), which is a species of bamboo (Castellanos 2003, 
2004).  
Because bromelias and fruits are available year-round, T. ornatus does not ‘hibernate’ (Paisley 
and Garshelis 2006; Sun 2004). The spectacled bear females den in a nest under boulders or 
tree roots before giving birth (Sun 2004). Captive spectacled bears in temperate climates have 
a winter birth season, but the birthing season widens gradually at lower latitudes, eventually 
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becoming continuous in the equatorial tropics (Spady et al. 2007). The females give birth to 
one or two cubs (Castellanos 1998; Sun 2004).  
T. ornatus is a diurnal animal (Castellanos 2005a, b, 2007; Larivière 2001; Paisley and Garshelis 
2006). It does not sleep long during the night, however, and needs short naps during the day 
(Castellanos 2005a). Some nocturnal behaviour for reintroduced bears has also been observed 
(Castellanos 2001). 
 
1.3.6 Ursus americanus Pallas 1780 
 
American black bears (U. americanus) are the smallest North American bears. They have a 
length of 130-180 cm and they weigh 50-180 kg (Kurt 1990b; Stringham 1990). Females are 
typically 20-50% smaller than males (Carranza 1996; Kovach and Powell 2003). They are 
flexible in their social organisation and vary in territoriality and home range overlap, but are 
typically solitary with the exception of mothers with cubs (Robinson 2007). They are sympatric 
with brown bears in many areas in North America. Competition, however, is limited through 
differential habitat usages for denning and foraging, and through subtle differences in diet 
(Fortin et al. 2007). Limited predation of brown bear on black bear occurs (Gunther et al. 2002; 
Mattson et al. 1992; Palomares and Caro 1999). The claws on the fore limbs of U. americanus 
are similar in length to those of the feet (Larivière 2001). The dental formula is: i 3/3, c 1/1, p 
4/4, m 2/3.  
Black bears exhibit a seasonal pattern of food use (Benson and Chamberlain 2006; Eagle and 
Pelton 1983; Larivière 2001; Stratman and Pelton 1999), and their foraging habits are strongly 
influenced by human presence (Aguss et al. 2007; Bridges et al. 2004; Lyons 2005; Matthews et 
al. 2006). Early spring is a time of nutritional stress, when diets are high in fibre and thus 
generally difficult to digest for bears. During late spring, summer and early fall, readily 
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digestible food items are available; herbaceous material and fruits are the primary food items, 
but consumption of animal matter increases during the year and insects also become 
important. The late fall diet provides readily available fats and carbohydrates; in this period, 
bears feed mostly on berries and other mast (edible seeds and fruits), and salmon becomes an 
important food source in many regions (Larivière et al. 1994; Reimchen 1994, 1998).  U. 
americanus accumulates fat reserves before entering dormancy.   
The denning season extends from mid-October until mid-April (Beecham et al. 1983). U. 
americanus ‘hibernates’ during winter in most areas. Parturition occurs during January or 
February during ‘hibernation’ (Garshelis 2004; Larivière 2001; Mead 1989); the young are 
approximately 350 to 400 g (Kurt 1990b). In southern areas, however, U. americanus exhibits 
facultative ‘hibernation’, which means it can choose whether it wants to den or not. Litter sizes 
range from one to four and are influenced by the maternal condition in early winter 
(Hebblewhite et al. 2003; Larivière 2001; Stringham 1990).  
Black bears are generally diurnal in summer and nocturnal in autumn with a vespertine 
(evening) activity peak during both seasons (Bridges et al. 2004; Larivière et al. 1994; Reimchen 
1994, 1998). The nocturnal behaviour may be a consequence of human interference (Bridges 
et al. 2004; Lyons 2005; Matthews et al. 2006) or foraging preference (Reimchen 1994, 1998). 
Most American black bears exhibit short periods of crepuscular activity during early spring, 
possibly as a means of surviving the nutritional stress in this period (Eagle and Pelton 1983). 
 
1.3.7 Ursus arctos Linnaeus 1758 
 
Brown bears (U. arctos) inhabit North America and Eurasia (Pasitschniak-Arts 1993). Brown 
bears are solitary animals (Støen et al. 2005). When they reach adulthood, females are 
philopatric, and males disperse (Støen et al. 2005). Adult males are larger and heavier than 
 24 
females per population, but there is a large geographical component involved as well with the 
heaviest brown bears (up to 870 kg) living in Alaska and the lightest (as light as 150 kg) in 
Europe (Kurt 1990b; Ohdachi et al. 1992; Pasitschniak-Arts 1993). U. arctos has a distinctive 
dished facial profile, heavily built body with a prominent shoulder hump and long, slightly 
curved claws on the forelimbs, about twice as long as those on the hindlimbs (Pasitschniak-
Arts 1993). The dental formula of U. arctos is: i 3/3, c 1/1, p 4/4, and m 2/3. 
There are several subspecies of U. arctos. The Kamchatka bear (U. a. beringianus ) lives in East 
Asia (Kurt 1990b). Europe is the home of the Eurasian brown bear (U. a. arctos) (Pasitschniak-
Arts 1993) and the Marsican brown bear (U. a. marsicanus) (Ciucci and Boitani 2008). The light 
coloured Old World forms include the Isabel brown bear (U. a. isabellinus) and the blue bear 
(U. a. pruinosus) from the Himalayas (Sowerby 1920), and the Syrian brown bear (U. a. 
syriacus) from Syria and surroundings (Kurt 1990b). In North America there is the grizzly bear 
(U. a. horribilis), which may show a variety of colourations (Hall 1984; Kurt 1990b).  
The diet of U. arctos varies throughout the year (Kistchinski 1972). On emerging from their 
dens, the bears feed on berries, graminae, hay and pine cones (Kistchinski 1972). Vegetative 
parts of plants serve as their main food at the beginning of summer (Kistchinski 1972). In 
addition, they eat ants, other insects, birds’ eggs and small mammals (Kistchinski 1972). At the 
end of summer, when this option is available, great numbers of bears gather near the 
spawning rivers and streams to feed on salmon (Kistchinski 1972). In August and September, 
bears feed on pine nuts, cones and berries (Kistchinski 1972).  
‘Hibernation’ usually begins in the second half of October and in November (Kistchinski 1972). 
Pregnant females generally den earlier than the other brown bears (Daele et al. 1990; Judd et 
al. 1986). Young are born from January to March (Garshelis 2004; Mead 1989; Pasitschniak-
Arts 1993; Spady et al. 2007). The typical litter size is one to three (Kistchinski 1972; Kurt 
1990b) and the young weigh approximately 400-500 g. Litter size has been reported to be 
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positively correlated with female condition in the brown bear (Hilderbrand et al. 1999). Brown 
bears leave their dens between the middle of April and early May.  
Brown bears exhibit extensive variability in activity patterns. They are well known to be active 
diurnally (Gende et al. 2001; Rode et al. 2001). Crepuscular and nocturnal activity have also 
been reported (Kaczensky et al. 2006; Klinka and Reimchen 2002). Females with cubs (and, 
therefore, cubs as well) are more active during daytime than solitary females and males 
(Mertzanis et al. 2005; Roth and Huber 1986). Greater human activity, on the other hand, may 
cause brown bears to be more secretive and more nocturnal (Elgmork 1978). 
 
1.3.8 Ursus maritimus Phipps 1774 
 
Polar bears (U. maritimus)  are one of the largest of the living bear species; adult males weigh 
300 to 800 kg and measure 200-250 cm in length, and adult females weigh 150 to 300 kg and 
their body length is 180 to 200 cm (DeMaster and Stirling 1981). Polar bears exhibit sexual 
dimorphism with female body length and skull size being considerably smaller and body mass 
considerably less than that of males (Bechshoft et al. 2008; Derocher et al. 2009; Derocher and 
Wiig 2002; Kurt 1990b). They are a recent offshoot of U. arctos (McLellan and Reiner 1994) and 
are circumpolar in distribution. Nineteen polar bear populations have been defined based on 
telemetry data, survey and reconnaissance, marking and tagging, and traditional knowledge 
(Paetkau et al. 1999; Taylor et al. 2001). Crosses between U. arctos and U. maritimus produce 
fertile hybrids (McLellan and Reiner 1994; Preuss et al. 2009). The dental formula is: i 3/3, c 
1/1, p 2-4/2-4 and m 2/3. 
U. maritimus specialises on preying on marine mammals. They primarily hunt ringed seals 
(Phoca hispida), followed by bearded seals (Erignathus barbatus), harp seals (Pagophilus 
groenlandicus) and hooded seals (Cystophora cristata) (Anonymous 2010a, b; Derocher et al. 
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2002; Dyck and Romberg 2007; Schliebe et al. 2006). They also scavenge on different types of 
whale, walrus (Odobenus rosmarus) and seal carcasses (Bentzen et al. 2007; DeMaster and 
Stirling 1981; Schliebe et al. 2006). Polar bears also eat small mammals, birds, eggs, and 
vegetation, but very rarely (Dyck and Romberg 2007; Hobson and Stirling 1997; Schliebe et al. 
2006).  
Unlike other species of Ursus, where both sexes may ‘hibernate’, only pregnant female polar 
bears ‘hibernate’ through the winter (Atkinson and Ramsay 1995). ‘Hibernation’ in U. 
maritimus is slightly different from other bears (Derocher et al. 1990; Lennox and Goodship 
2008), because they can switch from a dormant state to a normal state in a matter of days, 
whereas other bears need much longer to awaken from their ‘hibernation’ (Derocher et al. 
1990), as a result, in U. maritimus ‘hibernation’ may occur in periods other than winter as well 
(Nelson et al. 1983). Cubs are born in November, December and January (Lennox and 
Goodship 2008; Mead 1989; Spady et al. 2007). Litters normally comprise one or two cubs 
(Ramsay and Stirling 1988; Velde et al. 2003).  
Little is known about the activity pattern of U. maritimus. Some observations indicate that 
diurnal emergence patterns of individual bears vary considerably, but no nocturnal 
observations have been made (Smith et al. 2007). Gittleman (1985, 1986) classifies U. 
maritimus as being diurnal. 
 
1.3.9 Ursus thibetanus Cuvier 1823 
 
The Asian or Asiatic black bear (U. thibetanus) lives in Asia and is between 140 and 200 cm in 
length and weighs between 50 and 200 kg (Kurt 1990b). Males are approximately 70% heavier 
than females (Stirling and Derocher 1990). Asiatic black bears generally lead solitary lives, 
except for mothers with cubs or males and females during mating season (Jha and Rai 2009). 
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U. thibetanus has relatively large ears, long hairs on the shoulders and neck and white chest 
markings on an otherwise pitch black fur (Kurt 1990b). U. thibetanus is capable of 
interbreeding with H. malayanus in the wild (Galbreath et al. 2008) and with T. ornatus in 
captivity (McLellan and Reiner 1994). The dental formula is usually: i 3/3, c 1/1, p 4/4, m 2/3. 
The diet of U. thibetanus throughout the year is composed mostly of plant matter, but 
seasonal differences do exist (Hwang 2003; Hwang et al. 2002; Koike et al. 2008; Kurt 1990b; 
Nozaki et al. 1983; Oi and Furusawa 2008; Schaller et al. 1989). During spring, the bears eat 
nuts, buds and shoots of herbaceous plants. During summer, the bears eat large quantities of 
insects and soft mast. In fall, the bears eat hard mast (hard-shelled edible fruits and seeds). 
Female black bears give birth to their cubs during ‘hibernation’ (Horino and Miura 2000). In 
tropical and subtropical regions, black bears do not ‘hibernate’, but females will fast for 
approximately a month around parturition (Hwang et al. 2002; Yang et al. 2003), which takes 
place in January and February (Spady et al. 2007). Generally two cubs are born (Kurt 1990b).  
Little information is available on the activity pattern of U. thibetanus. It seems, however, that 
the bears are naturally diurnal, with increased activity around dusk, but become more 
nocturnal in fall and due to human disturbance (Hashimoto 2002; Hwang 2003; Hwang and 
Garshelis 2007; Sakamoto et al. 2009; Schaller et al. 1989; Yamazaki et al. 2008). Additionally, 
mothers with cubs tend to be more diurnal than bears without cubs (Yamazaki et al. 2008). 
 
1.4 Ursus deningeri Von Reichenau 1904 
 
Middle Pleistocene cave bears (U. deningeri) evolved from U. etruscus, possibly via U. 
dolinensis (García and Arsuaga 2001). They were mostly confined to Europe (Raia et al. 2009), 
but some are found in Asia (Münzel and Athen 2009). U. deningeri is first recognised in the 
fossil record at around 600 ka (García et al. 1997). They are not as well studied as classic cave 
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bears (U. spelaeus), and mostly only in comparison with the later species. U. deningeri is 
morphologically intermediate between brown bears and classic cave bears (described below), 
but closer to the latter. Middle Pleistocene and classic cave bears are closely related 
(Valdiosera et al. 2006) and almost always placed in the same evolutionary lineage (Galli et al. 
2005; García et al. 2006; García et al. 2007; Groiss 1994; Hänni et al. 1994; Kurten 1955); some 
argue they could even be the one species (Baryshnikov 2006). Middle Pleistocene cave bears 
are generally smaller than classic cave bears and both have a stepped forehead (i.e., a 
midsagittal skull profile interrupted at the orbital region creating a ‘step’). The palate of Middle 
Pleistocene cave bears is more curved and the metapodials are less robust than those of classic 
cave bears (Withalm 2001). U. deningeri possesses less robust canines than U. spelaeus. Males 
attained roughly twice the body mass of females (Stiner 1999; Stiner et al. 1998). The dental 
formula of U. deningeri is i 3/3, c 1/1, p 1-3/1-3, m 2/3. 
The patterns of tooth damage argue for a diet of tough, abrasive materials, such as nuts, 
tubers, and associated grit (Stiner et al. 1998). Isotope results, however, suggest that U. 
deningeri was highly omnivorous (comparable to U. arctos) and obtained nearly all of its food 
from terrestrial and fresh-water habitats (Stiner 1999; Stiner et al. 1998). Adult sex ratios in 
dens and dental evidence, on the other hand, contradict a high degree of carnivory (Stiner 
1999), and postcranial morphology indicates that food acquisition required digging, prying, and 
extensive mastication, sometimes leading to complete obliteration of the cheek tooth crowns 
in old individuals (Stiner et al. 1998), suggesting a large herbivorous component in the diet.  
The ‘hibernation’ physiology, based on δ13C of tooth enamel, of Middle Pleistocene and classic 
cave bears is very similar (Bocherens et al. 1994). Females gave birth in a cave and also sought 
shelter there with yearling cubs the following winter, based on dental wear stages (Andrews 
and Turner 1992). 
U. deningeri is generally regarded as the most plausible ancestor of U. spelaeus (e.g., Andrews 
and Turner 1992; García et al. 1997; García et al. 2006). The transition between these two 
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species takes place around the Middle-Late Pleistocene boundary (García et al. 1997) and may 
have a climatic origin. U. spelaeus is introduced below as a separate species. There are, 
however, many intermediate forms between U. deningeri and U. spelaeus, and they are often 
viewed as one cave bear lineage (e.g., Andrews and Turner 1992; García et al. 1997; García et 
al. 2006). In the remainder of the present study, they will, therefore, be analysed together as 
one lineage, rather than as two separate species. 
 
1.4.1 Ursus deningeri from Bacton 
 
The open-air site of Bacton in the United Kingdom is of Middle Pleistocene age (Lister 1993, 
1996). The sediments at this locality are part of the Cromer Forest-bed Formation, which 
underlies the Anglian glacial deposits of MIS 12 (ca. 450 ka) age (Lewis et al. 2004). The Cromer 
Forest-bed Formation was deposited at the western margin of the southern North Sea basin 
(Lewis et al. 2004). The Cromer Forest-bed (including the deposits at Bacton) includes faunas 
of various ages, from Early Pleistocene (ca. 1.8 ma) up to approximately 500 ka. The bears 
probably come from sediments closer to the upper end, but for this material, collected before 
the advent of modern excavation techniques, it is difficult to determine the exact stratigraphic 
position (Lister, pers. comm.). 
 
1.4.2 Ursus deningeri from Tautavel 
 
Tautavel is a French cave locality with good stratigraphical information. Tautavel contains 
Middle Pleistocene sediments. The specimen from Tautavel comes from unit J, which is 
considered to represent temperate humid conditions (de Lumley and Barsky 2004; Moigne et 
al. 2006). Other large vertebrates found in this layer are red deer (Cervus elaphus), fallow deer 
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(Dama dama) and mouflon (Ovis aries orientalis) (de Lumley and Barsky 2004). Hominins used 
the cave as a temporary seasonal shelter (de Lumley and Barsky 2004), leaving the cave 
available for bears during denning season. 
 
1.5 Ursus spelaeus Rosenmüller 1794 
 
The classic cave bear was first named U. spelaeus by Rosenmüller in 1794 in his doctoral thesis 
(Kempe et al. 2005; Rosendahl and Kempe 2005). Cave bears were generally confined to 
Europe between 38° and 51° N latitude and evolved from U. deningeri around the Middle-Late 
Pleistocene transition. They were robust and comparable in size to the largest extant ursids 
(Christiansen 1999; Osborn 2010; Quilès 2002; Stiner 1999; Withalm 2001). Cave bears are 
sexually dimorphic (Grandal-d'Anglade and López-González 2005; Santi et al. 2005; Tsoukala et 
al. 2001). Males attained roughly twice the body mass of females (Christiansen 1999; Stiner 
1999; Stirling and Derocher 1990). The humeri of U. spelaeus are similar in size to those of 
extant polar bears (Christiansen 1999). The long bones, particularly the humeri, have rather 
wide diaphysial diameters compared to extant bears (Christiansen 1999). The shoulders are 
higher than the hips, giving the animals a sloping back (Quilès 2002). The front paws are larger 
than the back paws (Osborn 2010; Quilès 2002). Locomotion of U. spelaeus was similar to that 
of U. arctos, but with somewhat more exagerated plantigrady in the hindlimbs (Jambrešid and 
Paunovid 2002). U. spelaeus has a very broad, domed skull with a steep forehead, like its 
predecessor. The orbits are rounded compared to U. arctos. The cusps of the teeth are blunt 
compared to the extant members of the genus Ursus. A marked difference between cave 
bears and brown bears is the loss of the three anterior most premolars. This makes the dental 
formula of U. spelaeus: i 3/3, c 1/1, p 1/1, m 2/3. Very rarely, additional vestigial premolars 
may be present. 
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U. spelaeus went extinct in the Alpine region around 27,800 cal yrs BP (Pacher and Stuart 
2008), which is probably representative of the rest of Europe. The reasons behind their 
extinction are still unclear. It has been claimed that they went extinct due to masticatory 
maladaptation to foliage (Capasso and Caramiello 1999). This is based on the fact that the 
most frequent pathologies are diseases of the teeth and jaws. Others have, however, 
demonstrated that cave bears were generally healthy and could reach old ages, old enough to 
be suffering from arthrosis (Withalm 2004). Climatic cooling and inferred decreased 
vegetational productivity were possibly responsible for the disappearance of U. spelaeus 
(Lascu and Puşcaş 2002; Orlando et al. 2002; Pacher and Stuart 2008). Alternatively, human 
hunting has also been put forward as a possible cause of extinction (Johnson 2002; Maroto et 
al. 2001). A combination of climate change and human hunting (McLellan and Reiner 1994; 
Stiller et al. 2010) has also been proposed. 
In common with brown bears, U. spelaeus shows high intraspecific variability. Sizes vary 
greatly between populations, both geographically and temporally (Carlis et al. 2005; Rabeder 
et al. 2008; Rossi and Santi 2001). Several haplogroups have been identified (Hofreiter et al. 
2002; Orlando et al. 2002); recently, several (sub)species have been proposed based on this 
and on morphology (Hofreiter 2005; Rabeder et al. 2008; Rabeder and Hofreiter 2004; 
Rabeder et al. 2004a). There are at least four different lineages within U. spelaeus, which have 
been proposed to be reproductively isolated and thus considered different species (Rabeder et 
al. 2004a). U. ingressus occurred in the eastern parts of the Alpine region and in Slovenia and 
Croatia (Nagel et al. 2005; Rabeder et al. 2004b). The two other morphological forms were 
initially named U. spelaeus ladinicus, U. spelaeus eremus, in addition to U. spelaeus spelaeus 
(Rabeder and Hofreiter 2004). Later, however, they were also considered to be separate 
species (Rabeder et al. 2008).  U. ‘ladinicus’ lived in the Dolomites and U. ‘eremus’ lived in the 
Totes Gebirge. This view has not yet been adopted by all researchers and some still consider 
all fossils one species (e.g., Grandal-d'Anglade 2010). In the present work, they will be 
considered one species with four subspecies, because this is the most conservative view. 
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There is a reduction in body size in U. s. eremus and U. s. ladinicus correlated with the altitude 
of the habitat, whereas in U. s. ingressus there is a positive correlation between the tooth 
indices (e.g., P4/4 index, which indicates the complexity of the tooth) and the altitude of the 
habitat (Rabeder et al. 2008). U. s. ladinicus and U. s. eremus can only be distinguished based 
on mitochondrial DNA, the metapodials and a few molar characteristics (Rabeder and 
Hofreiter 2004). 
Based on δ15N signatures, it has been determined that the ‘hibernation’ duration of U. 
spelaeus may be related to the length of the winter and as such to climate (Fernandez-
Mosquera et al. 2001), but not always (Grandal-d'Anglade and Vidal Romaní 1997). The 
occupation of high Alpine caves, however, has not been shown to correlate with the 
vegetation changes during the Pleistocene (Fiebig and Pacher 2006). Sometimes a large sex 
ratio is observed within an assemblage (Debeljak 2007; Dimitrijevic et al. 2001; Quilès and 
Monchot 2004; Quilès et al. 2006; Torres et al. 2002; Toškan 2006; Weinstock 2001). The exact 
reason for this is unclear, but it appears that male and female cave bears may have had 
different denning preferences. Cave bears normally den alone, or with their cubs, but, under 
unusually harsh conditions, collective denning was sometimes adopted (Lascu and Puşcaş 
2002). 
The loss of the premolars results in a diastema, which is also observed in many herbivores. The 
bite force of U. spelaeus has been calculated to be similar to A. melanoleuca, which has a 
herbivorous diet (Grandal-d'Anglade 2010). In fact, U. spelaeus is generally thought to have 
been primarily herbivorous based on the morphology of its dentition (Osborn 2010), 
microwear (Peigné et al. 2009), limb proportions (Athen 2006, 2007) and isotopic analyses 
(Bocherens et al. 1997; Bocherens et al. 1994), contrary to its congeners, although this 
interpretation is not supported universally (Figueirido et al. 2009; Hilderbrand et al. 1996; 
Peigné et al. 2009; Richards et al. 2008). It has even been proposed that U. spelaeus consumed 
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significant amounts of bone (Pinto Llona 2006; Quilès et al. 2006) and that it scavenged 
carcasses at least occasionally (Rabal-Garcés et al. in press).  
A possible way of quantitatively contributing to the discussion on the diet and behaviour of 
cave bears is to use geometric morphometrics. Over the years several geometric 
morphometric methodologies have been developed. Below, the different methodologies are 
discussed and arguments are given for the method of choice of the present study. 
 
1.5.1 Ursus spelaeus from Gamssulzenhöhle 
 
The cave locality Gamssulzenhöhle and its finds are described elaborately in Frank and 
Rabeder (1997a). This Alpine Cave is located in Austria at 14°17’52” eastern longitude (E) and 
47°40’56” northern latitude (N). It lies 1300 m above sea level. The cave bears are 
radiometrically dated to between 38-25 ka (Frank and Rabeder 1997a). The environment 
around the cave was not forested at this time as the timberline ecotone was at approximately 
1000 m (Frank and Rabeder 1997a). The cave bear remains of the Gamssulzenhöhle have the 
highest evolutionary level based on their dentition (Frank and Rabeder 1997a) and belong to 
U. s. ingressus (Rabeder et al. 2008; Rabeder and Hofreiter 2004).  
 
1.5.2 Ursus spelaeus from Mixnitz 
 
The Drachenhöhle bei Mixnitz is cave locality in Austria at 15°22’55” E and 47°19’33” N and lies 
949 m above sea level. The older cave sediments have not been dated, but the younger 
sediments contain charcoal remains, which have been dated to 25 ka (Fladerer 1997). The 
culture that produced the charcoal remains has been determined to be Aurignacien (Fladerer 
1997). The sediments that contain cave bear remains are most likely reworked, making it 
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impossible to interpret the climate and environment experienced by the bears (Fladerer 1997). 
The bears have relatively high evolutionary level based on the dentition (Fladerer 1997).The 
cave bear remains from Mixnitz belong to U. s. ingressus (Rabeder et al. 2008; Rabeder and 
Hofreiter 2004). 
 
1.5.3 Ursus spelaeus from Merkensteinhöhle 
 
Merkensteinhöhle is a cave locality in Austria at 16°08’ E and 47°59’ N and lies 441 m above 
sea level. The cave bear remains come from OIS 3 (Döppes and Rabeder 1997a). The dentition 
of the bears indicates an intermediate evolutionary level (Döppes and Rabeder 1997a). Pieces 
of Linearbandkeramik (Neolithic) have been found, but these overlie the cave bear fossils and 
are younger (Döppes and Rabeder 1997a). There is no environmental information on the 
deeper layers, which contain the cave bear fossils. The subspecies attribution of the cave bear 
remains of Merkensteinhöhle has not been determined. 
 
1.5.4 Ursus spelaeus from Schwabenreithhöhle 
 
The Schabenreithöhle is a cave locality in Austria at 14°58’38” E and 47°50’33” N and lies 959 
m above sea level. The cave sediments are Uranium series dated to be between 116-78 ka 
(Frank and Rabeder 1997b). When the cave bears inhabited the cave (approximately between 
110 and 65 ka), the cave was situated in or close to the timber line ecotone (Frank and 
Rabeder 1997b). The cave bear remains of the Schwabenreithhöhle belong to U. s. eremus 
(Rabeder et al. 2008; Rabeder and Hofreiter 2004). 
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1.5.5 Ursus spelaeus from Torrener Bärenhöhle 
 
The Torrener Bärenhöhle is a cave locality in Austria at 13°06’40” E and 47°50’33” N and lies 
810 m above sea level. The cave sediments or fossils have not been dated radiometrically. The 
site was exploited for natural resources from 1924 and by 1930 all stratigraphy was completely 
disturbed (Döppes and Rabeder 1997c). The subspecies attribution of the cave bear remains of 
the Torrener Bärenhöhle is undetermined.  
 
1.6 Theory of Geometric Morphometrics 
 
1.6.1 History of Morphometrics 
 
For centuries, researchers have compared the anatomical features of organisms qualitatively. 
During the early twentieth century, to quantitatively discriminate between species or 
populations, it became customary to apply what we now call traditional morphometrics using 
linear measurements. Recently, however, it has been noticed that traditional morphometrics 
often do not suffice when species or populations are closely related or highly similar. In the 
last decade and a half, traditional morphometrics has slowly been replaced by geometric 
morphometrics, involving the relative position of landmarks rather than linear measurements 
(Adams et al. 2004). The benefits of geometric morphometrics are that the outcomes of the 
analyses can be visualised as configurations of landmarks in the original two or three 
dimensional space of the specimen, rather than only as a statistical plot (Adams et al. 2004), 





Geometric morphometrics is based on the analysis of shape. To analyse shape, it must first be 
established what shape actually is (or is not). Kendall (1977, p. 428) described it as such: “If we 
are not interested in the location, orientation or scale of the resulting configuration, then we 
find ourselves working with a continuous stochastic process describing its change of shape.” 
So, shape is geometric information that remains when location, scale and rotational effects are 




There are several ways of capturing shape, using landmark, outline or surface data. In the 
present research, shape is captured by landmarks, because outline data are not appropriate 
for 3D analysis and the necessary equipment for surface data was not available. To use 
landmarks effectively for capturing shape, it is important to have a good definition of what a 
landmark is (Zelditch et al. 2004). Mathematically speaking, landmarks are points of 
correspondence, matching within and between populations (Zelditch et al. 2004). When the 
same landmarks are collected on a number of objects, they are referred to as corresponding 
landmarks. The basis for this correspondence lies in biology. Biologically speaking, landmarks 
are precise locations on biological forms that hold some developmental, functional, 
biomechanical, structural, phylogenetic, or evolutionary significance (Richtsmeier et al. 2002). 
Also, landmarks must be repeatable and provide geometric information in terms of the relative 
location of points. Landmark locations are recorded as two- or three-dimensional coordinates, 
resulting in a spatial map of the relative locations of the chosen points. 
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There are three types of landmarks defined by Bookstein (1991). Type 1 landmarks are discrete 
juxtapositions of tissues. This category comprises points in space at which three structures 
meet. Type 2 landmarks are maxima of curvature or other local morphogenetic processes. 
These include tips of extrusions and valleys of invagination. Type 3 landmarks are inferred 
points. This category incorporates endpoints of diameters, centroids, intersections of 
interlandmark segments, points farthest from those segments, and constructions involving 
perpendiculars or evenly spaced radial intercepts. Type 1 landmarks are mathematically 
preferred, because homology is assured. Type 2 landmarks, however, are more likely to 
provide functional information. Type 3 landmarks should be avoided as much as possible; they 
are sometimes necessary, however, when suitable type 1 and 2 landmarks are unavailable to 
describe the desired feature. 
Ideally, landmarks and their coordinates should be independent of each other. Even the 
coordinates of a single landmark are not independent, however, as a change in one of the 
coordinates is generally associated with changes in nearby coordinate(s) as well. This, 
however, is a biological constraint, rather than a geometrical one. Additionally, if landmarks 
are located closely together, they are not independent either, because a single change in the 
shape of a certain structure will affect all landmarks associated with that structure. This 
problem cannot be circumvented and has to be accepted as an inevitable drawback of this 
method. Traditional morphometrics, however, has the same problem and, in this respect, 
neither is preferable over the other. 
In any case, it is important that landmarks are as homologous as possible. Ideally, this is in a 
biological or anatomical sense. When research focuses on the functionality of a certain 
feature, however, homology can also have a functional aspect (Zelditch et al. 2004). 
Consistency in locating the landmarks is always important, because otherwise an apparent 
change in morphology might actually be due to measurement error, blurring the biological 
meaning of the data. So, locating landmarks should be a repeatable process, in which 
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landmarks located repeatedly on the same specimen differ from previous digitisations only by 
an acceptable amount (von Arnqvist and Martensson 1998; Cramon-Taubadel et al. 2007). 
 
1.6.4 Superimposition Methods 
 
1.6.4.1 Bookstein’s Shape Coordinates 
 
There are several possible methods available for superimposition of landmarks in geometric 
morphometrics, each with its own advantages and disadvantages. Bookstein’s shape 
coordinates were originally described as a two-point registration method for 2D data 
(Bookstein 1986). This implies that two landmarks are chosen to form a baseline and all other 
landmarks are scaled, translated and rotated to fit that baseline. There are several advantages 
to this method (Zelditch et al. 2004). The first is that the number of variable coordinates equals 
the number of statistical degrees of freedom. This means that it is possible to perform analytic 
tests without discarding any of the variables. Another advantage is that, when the baseline is 
chosen appropriately, images of superimposed configurations are often relatively easy to 
interpret. One of the disadvantages of this method is that fixing the locations of two landmarks 
that serve as endpoints of the baseline means that the variance of those landmarks must be 
transferred to the other landmarks, which is related to the distance of the free landmarks to 
the baseline, and can induce artificial correlations among landmarks (Zelditch et al. 2004). 
Another important disadvantage is that configurations produced by the two-point registration 
do not differ solely in shape (as defined by Kendall 1977), but also in size and rotation (Zelditch 
et al. 2004). Bookstein’s shape coordinates may also be used for 3D data (Dryden and Mardia 
1998), but the problems associated with the 2D method remain. 
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1.6.4.2 Sliding Baseline Registration 
 
A marked improvement to Bookstein’s shape coordinates is the sliding baseline registration 
method (Kim et al. 2002). The general idea is very similar to Bookstein’s shape coordinates, but 
an important difference is that the two landmarks used to define the baseline are now 
permitted to slide along the baseline to scale all configurations to unit centroid size, thereby 
approaching Kendall’s (1977) definition of shape more closely. The configurations, however, 
still differ in orientation. Sliding baseline registration also reduces the problem of variance 
transfer from the baseline landmarks to other landmarks, but it does not completely eliminate 
the problem (Zelditch et al. 2004). Another disadvantage of the sliding baseline registration 
method is that, due to the sliding of the baseline landmarks, the number of variables now 
exceeds the statistical degrees of freedom by two (Zelditch et al. 2004). This means that two 
variables must be discarded to perform analytic tests, but there are no mathematical reasons 
for choosing any particular pair over the others.  
 
1.6.4.3 Generalised Procrustes Superimposition 
 
Generalised Procrustes superimposition (GPS) scales, translates and rotates landmark 
configurations to minimize the square root of the summed squared distances between 
homologous landmarks (Rohlf 1990; Rohlf and Slice 1990). Facultatively, reflection can be 
added to this. The advantages of using GPS include the fact that all specimens are scaled to the 
same size according to Kendall’s (1977) definition, there is no variance transfer, and all 
variables can be used in further calculations (Peres-Neto and Jackson 2001; Zelditch et al. 
2004). The general objection to GPS is that it is very sensitive to large displacements at a few 
landmarks, which is called the Pinocchio effect (Walker 2000). GPS and its mathematical 
background are described below. 
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1.6.4.4 Resistant-fit Superimposition 
 
Resistant-fit superimposition (Siegel and Benson 1982) is similar to GPS in that it minimises 
differences between configurations by minimising differences at corresponding landmarks 
over all landmarks. Resistant-fit superimposition, however, does not use Procrustes distance as 
the optimisation criterion. Instead, a repeated medians method is applied, which is relatively 
insensitive to outliers. In the presence of the Pinocchio effect, resistant-fit superimposition 
highlights the area where the variation occurs. In the absence of the Pinocchio effect, the 
results do not normally differ much from GPS.  The most important disadvantage of resistant-
fit superimposition is that configurations not only differ in shape (Kendall 1977), but also size, 
because it does not use Procrustes distance, and so configurations do not lie in Kendall’s 
shape-space, making any subsequent statistical analyses very complex (Zelditch et al. 2004). 
 
1.6.5 Use of Generalised Procrustes Superimposition 
 
GPS has been chosen as the most appropriate superimposition method here for the following 
reasons. Firstly, GPS is the only method which fully eliminates position, rotation and size, 
leaving only shape. Secondly, any analyses in this research are on familial or subfamilial level, 
and the Pinocchio effect is not expected to occur on these levels for Ursidae. Thirdly, as GPS is 
the most commonly used method by other scholars, using this method here will increase the 
comparability between the present research and other work. The specific procedure for 
conducting GPS is described in detail below.  
Before any of the steps of GPS are performed on the data, any specimen with K landmarks in 
M (two or three) dimensions will lie in figure space or configuration space with KM 
dimensions. The position of the centroid of a landmark configuration must be determined first. 
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The centroid is defined as the mathematical mean of all X, Y and Z coordinates of a single 
landmark configuration (Rohlf 1990).  
The landmark configurations must now be translated, so that their centroids are identical. In 
the present study, centroids are chosen to lie at the origin of the coordinate system, which 
greatly simplifies subsequent calculations. Translation is achieved by subtracting constants 
equal to the coordinates of the centroid from the X, Y and Z coordinates (Rohlf 1990). The 
landmark configurations now lie in pre-form space. 
 
 
Figure 1-3: Projection of a target configuration (A) situated in Kendall’s shape space onto a tangent plane. The 
outer hemisphere with radius 1 is a section through pre-shape space of centred and aligned  shapes scaled to unit 
centroid size, and the inner circle with diameter 1 is a section through Kendall’s shape space of centred and 
aligned shapes scaled to cos(ρ). The diamond (R) is the point of tangency, which is at the concensus or reference 
configuration. A and B are the same shape only scaled differently. C is the orthogonal projection of A onto the 
tangent plane, and D is the orthogonal projection of B onto the tangent plane. E is a stereographic projection of 
the target configuration onto the tangent plane. For stereographic projections it does not matter whether the 
projection is done from Kendall’s shape space (A), or from pre-shape space (B). Modified after Slice (2001). 
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Each centred configuration must be scaled to unit centroid size (CS). CS is calculated as the 
square root of the sum of squared distances of all landmarks from the centroid (Rohlf 1990). 
When the landmark configurations have been translated and scaled, so that they are all unit 
centroid size and have equal centroids, they are in pre-shape-space. This space consists of KM-
M-1 dimensions, because M dimensions are lost in centring the configurations and one 
dimension is lost in fixing the centroid size to one.  
Each configuration must be rotated so as to minimize its partial Procrustes distance from the 
reference (Rohlf 1990). Computer programs do this by using singular value decomposition 
(SVD) on the matrix (Gower 1975; Rohlf and Slice 1990; Zelditch et al. 2004). When all the 
configurations have been centred at the origin, scaled to unit centroid size and rotated to 
optimally minimise the Procrustes distance, the configurations correspond to a single point in 
a multidimensional, non-Euclidean, curved space: Kendall’s shape space. Kendall’s shape space 
for two-dimensional landmarks has 2K-4 dimensions and for three-dimensional landmarks 3K-7 
dimensions. There are several ways of measuring distances between configurations in 
Kendall’s shape space. Procrustes distance is measured as the minimum distance between two 
configurations along the curved surface of Kendall’s shape space. Partial Procrustes distance is 
the length of the chord drawn between two configurations. Full Procrustes distance is the 
minimum distance between one point on the surface of Kendall’s shape space and the radius 
connecting the other one to the centre of that space. 
The mathematical properties of Kendall’s shape space are so complex that a tangential 
approximation of this space with Euclidian properties is generally used for further calculations 
(Goodall 1991). Kendall’s shape space and the tangent space have one point in common, which 
is the reference or consensus shape. 
There are several options for projecting the shapes onto the tangent plane, depending on 
which space will be the source and the direction of the projection. The options for replacing a 
curved space with a Euclidean approximation are illustrated in Figure 1-3 for shapes with only 
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three landmarks. The outer hemisphere is the space constructed by aligning pre-shapes to 
minimise the partial Procrustes distance. The inner sphere is Kendall’s shape space. These two 
spaces share a common point: the reference or concensus shape. Tangential to both of these 
spaces is a Euclidean plane touching at the reference or concensus shape. In stereographic 
projection, it does not matter whether the projection to the tangent plane is from the 
hemisphere of triangles in partial Procrustes superimposition, or from the sphere of triangles 
in full Procrustes superimposition (Slice 2001). Both target shapes project to the same point in 
tangent space (Figure 1-3). In orthogonal projection, however, it does matter whether the 
projection to the tangent plane is from the outer hemisphere or the inner sphere (Slice 2001, 
Figure 1-3). The projection from the outer hemisphere produces distances in the tangent plane 
that depart little from the Procrustes distance, which is the shortest distance between two 
points along the curved surface of the pre-shape space, and are close to the partial Procrustes 
distance, which is the length of the chord drawn between the two points. The projection from 
the sphere produces distances that depart more from the Procrustes distance, and are close to 
the full Procrustes distance, which is the minimum distance between one point and the radius 
connecting the other point to the centre of the pre-shape space. 
The variation captured by the tangent space includes all morphological variation, because each 
shape in Kendall’s shape space corresponds to one point in the tangent space. For landmark 
configurations that are very similar to the reference shape, the Euclidean distance in tangent 
space between pairs of shapes approximates closely the geodesic distance in Kendall’s shape 
space. Therefore, the variation between specimens in the tangent space only deviates slightly 
from the variation in Kendall’s shape space (Rohlf 1996). It has been shown that the maximum 
difference between shapes of distinct taxa is relatively small (Marcus et al. 2000), although this 
result was probably influenced by the fact that landmarks that were not present in all taxa 
could not be included in the analysis (Adams et al. 2004). Still, the similarity between Kendall’s 
shape space and tangent space is normally sufficient for performing statistical analyses in 
tangent space (Rohlf 1996). 
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1.7 Research Objective and Hypotheses 
 
The objective of this research is to contribute to understanding of ursid biology and 
evolutionary history by determining the influences on Pleistocene cave bears at the level of 
evolutionary change by comparing the cave bears of different palaeo-ecosystems throughout 
the Pleistocene with each other. Possible influences include climate, altitude, latitude and 
other aspects of their environment. Several hypotheses were postulate based on previous 
research: 
Main hypothesis: The morphology of bears is hypothesized to be influenced by climate, 
altitude, latitude or other aspects of their environment.  
Subhypotheses:  
1) If masticatory morphology is related to diet, bear species with known different 
diets will occupy different positions in morphospace. 
2) If dietary and other behavioural differences in bears are correlated with climate, 
altitude, latitude or other aspects of their environment, differences in bear 
functional morphology will reflect these masticatory and behavioural differences. 
3) If cave bear behaviour varied through time and space, different cave bear 
populations will occupy different positions in morphospace.  
4) If cave bear (sub)species existed, the morphological differences between them will 
be similar in nature and magnitude to those found in extant (sub)species.  
The main research aim can then be summarized thus:  to identify and quantify the influences 
of diet and environment on the morphology of bears through space and time. To achieve this 
research aim and the above objective, interspecific and intraspecific morphological and 
behavioural variability of extant bears will be assessed to establish functional links between 
behaviour and morphology. Taking into account biomechanics, it is then possible to assess 
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how cave bear populations were different from each other and their extant relatives and what 
this implies for their behaviour.  This will then be linked to environmental factors.  
Previous morphological and morphometrical studies have shown a strong correlation between 
feeding ecology and craniodental morphology for the family Ursidae (Christiansen 2008b; 
Sacco and Van Valkenburgh 2004). Figueirido et al.(2009) have expanded on this by using 2D 
geometric morphometrics to make inferences on the feeding ecology of U. spelaeus and giant 
short-faced bear Arctodus simus. This chapter builds on the approach of Figueirido et al. 
(2009) by using 3D geometric morphometrics and correcting for allometry. 
The mandible is a good subject for studying dietary adaptations, because of its single-purpose 
function of mastication and morphological simplicity in being a single unit of bone in 
mammals. The relationship between mandibular form and function has already been 
researched in several extant mammalian taxa (e.g., Gionhaku and Lowe 1989; Riley 1985; 
Taylor 2006); this relationship in extant taxa can then be used to infer function from form in 
extinct taxa (e.g., Anyonge and Baker 2006; Christiansen 2008a; Dayan et al. 2002; Therrien 
2005). Therefore, the mandible is the focal element of this study. Mandibles are also generally 
relatively well represented in recent and fossil museum collections. 
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14. Interpretation of fossils 
10. Generalised Linear Model 
Chapter 2 Materials and Methods 
 








Figure 2-1: Schematic overview of the methodology used. The numbers indicate the order in which the steps 
were taken.  
9. (Multivariate) Analysis Of  
(Co-)Variance & Regression 















11. Discriminant Function 
Analysis 
Partial Least Squares 
5. excluding 
fossils 
 12. including 
fossils 




13. Phylogenetic analysis 
 47 
2.2 Data collection 
 
2.2.1 Specimen Selection 
 
The maturity of each specimen was judged on the basis of full eruption of second and third 
molars, and canines of the mandibulae and maxillae. Where available, closure of the spheno-
occipital suture and epiphyses was also used. Juveniles were not digitised and, wherever 
possible for the extant species, equal numbers of males and females were included. When 
both sides of a single individual were present, the more complete was chosen for digitisation. 
 
2.2.2 Choice of Localities 
 
Extant specimens were chosen to cover as wide a geographical range as possible. Information 
on the geographical units of Ursidae species is given in Table 2-1. More precise details for each 
specimen, such as latitude, longitude and altitude are given in Appendix A. Geographical 
coordinates are given as xx.25 and xx.75, as this is the resolution of the climate data (Willmott 
et al. 2009). Ursus arctos is the closest living relative of the cave bear lineage and present in 
many parts of the world (Table 2-1). As such, this species is a good proxy for possible 
environmental adaptations in cave bears.  
The analyses were performed on subsamples at genus and species level and on all the 
individuals. Each geographic region was treated as a separate group in intraspecific analyses. 
For the fossil and the extant species, geographic region was determined by altitude, latitude, 
longitude and genetic information (Masuda et al. 1998; Saarma et al. 2007; Saarma and Kojola 
2007; Taberlet and Bouvet 1994; Taberlet et al. 1995). 
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Fossil specimens were sampled from localities throughout Europe. Precise details of each 
specimen, such as longitude, latitude and altitude, are given in Appendix A. 
 
Table 2-1: Geographical units occupied by the Ursidae. Climate is based on the classification of Masson et al. 
(2003). (Continued on next page.) 
Species 
Geographical unit 
Vegetation Climate Sympatry with 
Ailuropoda melanoleuca 





Tropical rainforest Tropical wet None with other 
Ursidae  
Melursus ursinus 
India Monsoon forest and 
subtropical dry forest 
Semi-arid and 
tropical wet and dry 





Alpine tundra Tropical semi-arid None with other 
Ursidae  
Ursus americanus 
North America Taiga and montane 
forests 








Vegetation Climate Sympatry with 
Ursus arctos 
Southwest Asia Dry steppe and xeric 
shrubland 
Arid and semi-arid None with other 
Ursidae 
South Central Asia Xeric shrubland and 
alpine tundra 
Semi arid and Arid Ursus thibetanus 
Northern Asia and 
Eastern Europe 








Taiga and montane 
forests 
Subarctic U. americanus 
Ursus maritimus 
North Polar area Tundra, ice sheets and 
polar desert 










South Central Asia Xeric shrubland and 
alpine tundra 







2.2.3 Choice of Masticatory Landmarks 
 
2.2.3.1 Landmark Configurations of the Mandible 
 
Landmark configurations were chosen to reflect main muscle function. For a general and 
complete overview of the shape of the mandibles 15 landmarks were chosen. They are 
indicated in Table 2-3 with code G. The length of the grinding basin is measured by landmarks 
9 and 13. The force of the muscles at the dental elements is influenced by the resistance arm, 
which is measured as the distance from the condyle (fulcrum, landmark 7) to that dental 
element (landmarks 10, 12, 13, 15 and 16). The landmarks of the general analysis also reflect 
parts of the mandible not frequently preserved and, although they are useful for the analysis 
of the functionality of the masticatory muscles, they are not present on enough specimens to 
guarantee sufficient sample sizes for all groups. The two most important and strongest 
muscles of the masticatory apparatus are the masseter and the temporalis. Specific landmarks 
associated with the functionality of these muscles have been analysed separately in addition to 
the general analysis. Their landmark configurations are outlined below. 
The efficiency or effectiveness of the masseter and the temporalis can be assessed using 
biomechanical principles. A schematic representation of the biomechanics involved in the 
mandible is given in Figure 2-3. The out-lever arm of the resistance is always the same as the 
moment arm of the resistance, because the resistance always works perpendicular to the 
tooth row. The moment arm of the muscular input force is often shorter than the in-lever arm 
(temporalis in Figure 2-3), but is as long as the in-lever arm at one particular gape angle, when 
the Fin is perpendicular to the Li (masseter in Figure 2-3). The exact position of this ‘ideal’ gape 
angle varies, but is larger for the masseter than for the temporalis. When two specimens have 
different in-lever arms for the same muscle, the one with the longer in-lever arm will also have 
the longer moment arm for any gape angle. As such, the in-lever arm is a proxy for the 
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moment arm. As there are not enough associated crania and mandibulae in the fossil sample, 
it is not possible to analyse both the insertion and origin of the muscles and the origin is 
assumed to stay constant. 
 
 
Figure 2-2: Skull and mandible of Hyaena hyaena indicating the origin and insertion of the masseter (red) and the 
temporalis (blue). Muscle origins and insertions are the same for Ursidae. The skull and mandible are shown in 
reflection to match Figure 2-3. 
 
The efficiency of the masseter is reflected by the out-lever arms, the positions of the 
masseteric fossa and the angular process, and the condyle, which functions as a fulcrum. All 
the landmarks associated with masseter function are indicated in Table 2-3 with code M. The 
superficial masseter is most effective when the jaw is nearly closed.  The distance between the 
dorsal surface of the condyle to the ventral border of the angular process, which is measured 
by landmarks 5 and 7 (Figure 2-3 and Table 2-3), serves as a proxy for the in-lever arm of the 
superficial masseter. Landmark 6, the most posterior point on the angular process, is a well 
defined type 2 landmark. Unfortunately, it is often damaged and replaced by landmark 5, a 
type 3 landmark, in the analyses of the masseter. The deep masseter is most effective when 
the gape angle is intermediate. An estimator of the size and the in-lever arm of the deep 
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masseter is the size of the masseteric fossa, measured between the condyle and most antero-
ventral point of the masseteric fossa. This is represented by the distance between landmarks 4 
and 7 (Figure 2-3 and Table 2-3). 
 
Table 2-2: Summary of the origin, insertion and function of all the muscle groups of the mandible (Christiansen 
and Adolfssen 2005; Miller 1985). The musculus masseter and temporalis muscles are shown in Figure 2-2 on a H. 
hyaena cranium, but are the same in Ursidae. *Terminology here and subsequently after Christiansen and 
Adolfssen (Christiansen and Adolfssen 2005).  The angle of insertion of the muscle onto the jaw (α in Figure 2-3) 
causes the mandible to move anteriorly/posteriorly during adduction. (Continued on next page.) 
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and temporal fossa 
Inner surface of coronoid 










and temporal fossa 
External surface of coronoid 








 Area of the 
occipital and 
mastoid: Ventral to 
the foramen 
rotundum 
Ventral edge of mandible Abduction 
 
The temporal muscle is most effective when the jaw is widely opened. The efficiency of the 
temporalis is reflected by the out-lever arms, the fulcrum and the height of the coronoid fossa. 
The landmarks associated with these anatomical features are indicated in Table 2-3 with code 
T. An increase in the height of the coronoid process contributes to the in-lever and moment 
arms of the temporalis; a proxy for the moment arm is the relative distance from the 
mandibular condyle to the apex of the coronoid process (landmarks 8 at the apex and 7 on the 


















Figure 2-3: Postitions of the landmarks on fossil mandible JM 78.939 belonging to Ursus spelaeus stored at the 
Landesmuseum Joanneum, Graz, Austria. The landmarks are described in Table 2-3. Top: buccal view; middle: 
lingual view. The top and bottom diagrams display the biomechanics. The resistance (Fout) at the carnassial of the 
lower jaw depends on the muscular input force (Fin), the angle of insertion of the muscle onto the jaw (α), and 
the ratio of in-lever arm (Li) to out-lever arm (Lo). Angle of insertion of jaw muscles changes during jaw closing 
and determines the moment arm of the muscular input force (Mi). Mass: pertaining to the masseter; Temp: 













Table 2-3: Landmarks used for describing mandibular shape. Landmark types determined according to Bookstein 
(1991). The codes indicate in which dataset(s) each landmark is used: G=general shape of the mandible; 
M=masseter muscle related landmarks; T=temporal muscle related landmarks. (Continued on next two pages.) 
Land-
mark 
Type Description Reflects Codes 
1.  2 Most rostrodorsal point of 
the symphyseal region, 
between the first incisors 
Position and size of 
symphyseal region 
G M T 
2.  2 Most caudoventral point of 
the symphyseal region 
Position and size of 
symphysial region 
G   
3.  2 Most caudodorsal point of 
the symphyseal region 
Position and size of 
symphysial region 
G   
4.  2 Most rostroventral point of 
the masseteric fossa 
Insertion, moment arm and 
size of the deep masseter  
G M  
5.  3 Most ventral point on the 
angular process 
Insertion, moment arm and 
size of the pterygoideus and 
superficial masseter 
 M  
6.  2 Most caudal point on the 
angular process 
Insertion, moment arm and 
size of the pterygoideus and 
superficial masseter 
G   
7.  3 Most dorsal point on the 
mandibular condyle 
Position of the fulcrum of 
the mandible 
G M T 
8.  2 Most dorsal point on the 
coronoid process 
Insertion, moment arm and 
size of the deep temporalis 
G  T 
9.  2 Most caudal point of the 
alveola of M3 
Size and caudal extent of 
tooth row 
G M T 




Type Description Reflects Codes 
10.  2 Midpoint on the lateral rim 
between the alveolae of M3 
and M2 
Relative sizes and positions 
of the grinding dental 
elements 
G   
11.  3 Most ventral point on the 
mandibular corpus opposite 
the midpoint on the lateral 
rim between the alveolae of 
M3 and M2, perpendicular to 
the curvature of the 
mandibular corpus 
Shape of mandibular corpus G   
12.  2 Midpoint on the lateral rim 
between the alveolae of M2 
and M1 
Relative sizes and positions 
of the grinding dental 
elements 
G   
13.  2 Most dorsal point on the 
labial border of the alveolus 
of M1 between the two 
cavities for the roots 
Size and extent of the 
grinding and slicing areas of 
the tooth row, muscle force 
available at the carnassials 













Type Description Reflects Codes 
14.  3 Most ventral point on the 
mandibular corpus opposite 
the most dorsal point on the 
labial border of the alveolus 
of M1 between the two 
cavities for the roots, 
perpendicular to the 
curvature of the mandibular 
corpus 
Shape of mandibular corpus G   
15.  2 Midpoint on the lateral rim 
between the alveolae of M1 
and P4 
Relative sizes and positions 
of the slicing dental 
elements 
G   
16.  2 Most caudal point of the 
canine alveola on the dorsal 
rim of the mandibular 
corpus in line with the tooth 
row 
Position of the canine  G M T 
 
2.2.3.2 Landmark Configurations of the Cranium 
 
For a general and complete overview of the shape of the cranium, 13 landmarks have been 
chosen. They are indicated in Table 2-4 with code G. The landmarks of the general analysis also 
reflect parts of the cranium not frequently preserved and, although they are useful for the 
analysis of function, they are not present on enough specimens to guarantee sufficient sample 
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sizes for all groups.  For this reason the landmark configuration has been subdivided into 
landmarks at the lateral side of the cranium (indicated with code T). The landmarks and their 
significance are indicated in Table 2-4. 
 
Table 2-4: Landmarks used for describing cranial shape. Landmark types determined according to Bookstein 
(1991). The codes indicate in which dataset(s) each landmark is used: G=general shape of the cranium; T=side of 
the cranium. (Continued on next two pages.) 
Land-
mark 
Type Description Reflects Codes 
C1.  2 opisthion: posterior edge 
of foramen magnum in the 
middle of the rim 
Position and size of 
foramen magnum 
G1 T1 
C2.  2 basion: the point where 
the anterior margin of the 
foramen magnum is 
intersected by the mid-
sagital plane on the inner 
border directly opposite of 
opisthion 
Position and size of 
foramen magnum 
G2 T2 
C3.  2 mastoidale: point at the 
inferior tip of the mastoid 
process 
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C4.  1 ventral end 
temporozygomatic suture: 
most posterior point on 
the ventral surface of the 
jugal 
Attachment area of 
masseter 
G3 T4 
C5.  1 ventral end 
zygomaticomaxillary 
suture: most anterior point 
on ventral surface of the 
jugal 
Attachment area of 
the masseter 
G4 T5 
C6.  2 caudal edge of the canine 
socket on the palatal-facial 
border 
Position of canine  G5  
C7.  2 dorsal point on the facial 
border of the infraorbital 
canal 
General shape of 
cranium and face and 
size of infraorbital 
canal 
G6  
C8.  1 supraorbital process Size of temporal and 
size and shape of eyes 
G7  
C9.  2 maxillofrontale: maxilla-
frontal suture on the bony 
margin of the orbit 
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C10.  2 dorsal end 
temporozygomatic suture: 
most anterior point on 
dorsal surface of the jugal 
Attachment area of 
the masseter 
G9 T6 
C11.  1 external occipital 
protuberance 




C12.  1 premaxilla-maxilla suture, 
on the palate 
Shape oral cavity G11  











Figure 2-4: Positions of the general shape  
landmarks on cranium 1912-103 belonging 
to Ursus arctos stored at the laboratoire 
d’Anatomie comparée du Muséum 
National d’Histoire Naturelle, Paris, France. 
The landmarks are described in Table 2-4. 
The numbers refer to the G-codes. Top: 
lateral view; bottom left: ventral (left) and 
dorsal (right) views; bottom right caudal 
view. Line drawing of cranium after Pales 
and Garcia (1981). 
 































Figure 2-5: Positions of the landmarks on 
the side of cranium 1912-103 belonging to 
Ursus arctos stored at the laboratoire 
d’Anatomie comparée du Muséum 
National d’Histoire Naturelle, Paris, France. 
The landmarks are described in Table 2-4. 
The numbers refer to the T-codes. Top: 
lateral view; bottom left: ventral (left) and 
dorsal (right) views; bottom right caudal 
view. Line drawing of cranium after Pales 




A Microscribe G2 desktop digitising system (Immersion Corporation, San Jose, CA) is the main 
piece of equipment used in this research (Figure 2-6). The Microscribe was not bolted down, as 






















The extra fine tip was used here for digitising the specimens, which has the same length as the 
standard point tip, but is slimmer in design to facilitate digitising fine structures. MicroScribe 
Utility Software, from Immersion Corporation, was used as an interface. The mean position 
resolution of the Microscribe G2 is 0.13 millimetres (mm) and the mean position accuracy is 
0.38 mm (Immersion 2002). 
 
 
Figure 2-6: The Microscribe G2 in its natural habitat. The arm has three hinges which record the position of the 
needle tip. The stylus is held by the researcher when pointing the needle to the landmarks. 
 
2.2.5 Data Collection 
 
Data collection is step 1 in Figure 2-1. Environmental, dietary and 3D landmark data were 





2.2.5.1 Digitisation Protocol 
 
Three-dimensional coordinates of anatomical landmarks were directly collected on crania and 
mandibles using a Microscribe G2 desktop digitising system (Figure 2-7). The digitised 
landmarks were stored in ASCII format. 
 
 
Figure 2-7: Digitisation of the landmarks by pointing the needle of the Microscribe G2 at landmarks. 
 
The specimens were positioned on the same surface, generally a table or a work bench, as the 
Microscribe G2. The specimens were fixed during measurement in as consistent an orientation 
as possible. 
Hemimandibles were positioned with the rostral end near the researcher and the caudal end 
facing away, the occlusal side facing upards. Complete mandibles were positioned on the side 
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which was not meant for digitisation, with the rostral end near the researcher and the caudal 
end facing away (Figure 2-8). 
 
 
Figure 2-8: The position of a mandible relative to the Microscribe. 
 
Crania were positioned on the side not meant for digitisation (Figure 2-9). Crania were 
positioned with the rostral end near the researcher and the caudal end facing away, the 




Figure 2-9: The position of a cranium relative to the Microscribe. 
 
2.2.5.2 Environmental Variables 
 
The environmental variables associated with the extant specimens have been extracted from 
Willmott et al. (2009), which provides estimates of mean monthly temperature and 
precipitation from 1975 through 2005 based on ten thousands of localities worldwide. 
Although earlier versions had longer time ranges that were closer to the collection dates of the 
specimens, version 4.01 was based on more data and was deemed more accurate. Absolute 
temperature has risen since the beginning of this century, relative temperature and 
precipitation is expected not to have changed much. For the moisture index, the most recent 
version (1.02) of Willmott et al. (2009) was used. The environmental information for each 
specimen is based on latitude and longitude, which are given in Appendix A. 
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2.2.5.3 Dietary Variables 
 
Dietary preferences of A. melanoleuca and members of the genus Ursus were based on scats 
(Mattson 1998) and are given in % volume (Table 2-5). The technique of Mattson (1998) 
underestimates the exact amounts of animal matter consumed. The percentages do not add 
up to 100, as he calculated the data from averages of several unrelated studies. For U. arctos a 
subdivision for habitat and area is made to account for intraspecific difference based on 
environment. The dietary preference of T. ornatus was calculated from Peyton (1980) based 
on scats from Peru and is given in % volume (Table 2-5). The values for H. malayanus were 
recalculated from Wong (2002) based on scats and represent occurence frequency in 
percentages. The diet of M. ursinus  was averaged from Laurie and Seidensticker (1977), Joshi 
et al. (1997) and Bargali et al. (2009) to reflect occurence frequency in percentages based on 
scats. 
The relative importance of the various food items is determined from Table 2-5 and given in 
Table 2-7. The most important food item for each species is the food item constituting the 
highest percentage, the second most important food item constitutes the second highest 
percentage, and so forth. Items constituting less than 10% of the total diet are considered least 
important food items even if they are officially the second most important food item (e.g., U. 




Table 2-5: Dietary preferences of bear species (in % volume), based on scats. The code n represents the number 
of studies utilised. *Due to a lack of suitable data the values for H. malayanus and M. ursinus reflect occurence 
frequency in percentages. 








A. melanoleuca 2 99 0 0 0 0 0 
H. malayanus* 1 1 0 28 1 56 12 
M. ursinus* 3 1 0 34 3 61 0 
T. ornatus 1 22 0 62 9 1 3 
U. americanus 32 20 0 55 11 5 4 
U. arctos 43 27 7 42 6 6 11 
U. maritimus 2 1 0 1 0 0 98 









Table 2-6: Dietary preferences of U. arctos (in % volume), based on scats. The code n represents the number of 
studies utilised.  









Broadleaf forest 15 23 1 47 8 12 9 
Coniferous forest 19 31 9 40 7 3 8 
Arctic/alpine 9 26 14 39 0 1 21 
area 
European 12 21 0 48 3 15 13 
Continental 23 30 12 37 6 2 11 








Table 2-7: Relative importance of different food items based on Table 2-5. The code n represents the number of 
studies utilised. 












A. melanoleuca 2 Foliage Foliage Foliage 
 
 
H. malayanus* 1 Invertebrates Soft mast Vertebrates Foliage 
Hard mast 
M. ursinus* 2 Invertebrates Soft mast Soft mast Hard mast  
Foliage 
T. ornatus* 1 Soft mast Foliage Hard mast Vertebrates  
Invertebrates 
U. americanus 32 Soft mast Foliage Hard mast Invertebrates 
Vertebrates 
U. arctos 43 Soft mast Foliage Vertebrates Roots 
Hard mast 
Invertebrates 
U. maritimus 2 Vertebrates Vertebrates Vertebrates Foliage 
Soft mast 






2.2.6 Error Estimate 
 
2.2.6.1 Total Error 
 
An error estimate as a percentage of interspecific variation was calculated following Adriaens 
(2007), using tpsSmall (Rohlf 2003). For this estimate, one specimen of each of the extant 
species was digitised at least five times. For completeness, the A. melanoleuca specimen was 
digitised ten times, resulting in three digitisation error estimates, which are averaged averaged 
in Table 2-8. For subsequent specimens the number of digitisations was reduced to save time. 
U. arctos specimens were digitised eight times to allow for the calculation of left right 
differences.  Laterality did not have a significant effect on the Procrustes coordinates (Λ (6,1) 
=38.037, p=0.123). To compare the estimated measurement error to the interspecific 
differences, the averaged landmark configuration per species was calculated, and the 
estimated measurement error was expressed as a percentage of the total variation in the error 
estimate dataset. For Ursidae mandibulae 7.7% of the observed variation is due to digitisation 
error. The mean of all the ranges of all the digitisations of each landmark in each dimension is 
0.95 mm (two-sided). As the accuracy of the Microscribe is 0.38 mm (one-sided) on average 
80.0% of the range of measurements is explained by inaccuracy of the Microscribe, and 20.0% 
is observer error.  Crania were digitised using the same methods, therefore, error is expected 
to be similar too and no separate error estimate was performed. 
 
2.2.6.2 Positional and Digitisation Error 
 
Out of the five to ten digitisations per specimen, at least one set of three digitisations was 
performed with the specimen in the exact same position. Following Adriaens (2007) the 
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positional error can be expressed as a percentage of the total error. The results vary a lot per 
specimen/species and are given in Table 2-8. Positional error always constitutes less and 
digitisation error more than half of the total error.  
The mean range of each coordinate for each set of repeated measurements in millimetres is 
0.95 mm. The microscribe has an accuracy of 0.76 mm (two-sded), which is 80.0% of the total 
range. Therefore, four fifths of the measurement error is caused by inaccuracy of the 
microscribe and one fifth is due to observer error. 
 





A. melanoleuca 31.4 68.6 
H. malayanus 22.7 77.3 
M. ursinus 3.1 96.9 
T. ornatus 34.8 65.2 
U. americanus 13.7 86.3 
U. arctos 3.8 96.2 
U. maritimus 44.3 55.7 




2.2.6.3 Temporal Error 
 
In this research, there was more than a year between the start and end of data collection and 
it is possible that the method of data collection unintentionally changed over time. The 
influence of this unavoidable inconsistency in the data collection protocol was tested for in the 
following manner:  
To test for a potential temporal error each specimen of the total error estimate dataset (apart 
from M. ursinus) was digitised twice approximately one year apart. MANOVA was performed 
on the data with the Procrustes coordinates (without scaling) as the dependent variables and 
the period of digitisation and the specimen as the independent factors. The results indicate 
that for the mandibles period of digitisation does not have a significant effect on the 
Procrustes coordinates (α=0.05). Thus, it is not problematic that data collection took more 
than a year and data from the beginning is not uncomparable with data from the end of the 
collection period.  
 
2.3 Statistical Procedures 
 
2.3.1 Procrustes Analysis 
 
Using MorphoJ version 1.02h (Klingenberg 2010b), raw 3D coordinates were scaled, rotated 
and translated by Procrustes superimposition (step 2 in Figure 2-1). MorphoJ uses a full 
Procrustes fit and projects the data onto the tangent space by orthogonal projection 
(Klingenberg 2010c). In this research, reflection was added to remove the effect of laterality. 
Specimens were aligned by principal axes, although the choice of alignment does not influence 
the statistical results.  
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2.3.2 Allometric Correction 
  
In multivariate allometry, size is often defined internally by the first principal component score 
as the geometric mean of the traits used, rather than by weight, cranial length, or other direct 
measures of size. The standardised loading of a trait on the first principal component is the 
bivariate allometry coefficient of that trait with size, defined as the first principal component 
score.  Due to the definition of size used in multivariate allometry, approximately half of the 
traits will be positively allometric and half will be negatively allometric (Cheverud 1982). 
However, the first PC likely does not only reflect size, but also an important shape component, 
which is not necessarily associated with size, and valuable information may be lost when the 
first PC is considered to be only allometry. Therefore, ignoring PC1, as it is only considered 
allometric, and only interpreting the higher PCs is not a satisfactory method for allometric 
correction.  
In geometric morphometrics another reasonable tool for the interpretation of allometry is a 
plot of log centroid size versus shape score. Regression analysis is then used to estimate the 
slope and intercept of the allometric signal. There are, however, important differences in size 
and shape relationships among adults, between populations, and within ontogenies (Cheverud 
1982). For this reason juveniles have been omitted from the current research, leaving only 
static and evolutionary allometry.  
If genetic and phenotypic patterns of allometry were similar, phenotypic allometry would be a 
reliable guide to evolutionary relationships between size and shape. Changes in shape could be 
attributed to the allometric effects of evolutionary change in size to the extent that the size 
and shape of ancestral and descendent or closely related species are correlated. The 
relationship between size and shape could be calculated as the regression slope of adult 
phenotypes of the species involved. Changes in shape that are consistent with the allometric 
relationship could be viewed as the result of a correlated response to selection on size. 
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However, the overall pattern of genetic allometry is not the same as phenotypic allometry 
(Cheverud 1982). So, performing a regression analysis on all specimens irrespective of species 
and working with the regression residuals for further analyses will not only eliminate size, but 
also some adaptational component of shape.  
Thorpe (1983) explains that when there are several morphological groups the pooled within-
group regression slope should be used and not the slope from the data pooled irrespective of 
group as this will be at an angle to the intraspecific allometric axis. To correct for size, shape 
data should be regressed onto centroid size for all specimens using pooled within-group 
regression, rather than all data pooled together. The former separates the components of 
shape variation that are predicted by size from those that are predicted by group membership. 
This analysis assumes that the allometric signals of the different species have the same slope, 
but differing intercepts; it has previously been shown to give good results in both traditional 
and geometric morphometrics (Bruner and Costantini 2009; Mutsvangwa et al. 2010; Pierce et 
al. 1994). The residuals from the regression are assumed to be independent of size and 
constitute the new shape variables for further analyses. 
To remove the effects of allometry (step 3 in Figure 2-1), a pooled regression analysis of the 
Procrustes coordinates within species onto centroid size (CS) and the natural logarithm of 
centroid size (LCS) was performed (Bookstein 1991; Mitteroecker et al. 2005) in the first 
instance. A log-log transformation was not attempted, as Procrustes coordinates are defined 
relative to a biologically arbitrary origin, so log transforming these would not make biological 
sense. Based on the percentage of predicted sums of squares, LCS performed better and this 
was subsequently used. When there are several morphological groups, the pooled within-
group regression slope should be used and not the slope from the data pooled irrespective of 
group, as this will be at an angle to the intraspecific allometric axis (Thorpe 1983). Size 
correction for each group separately would result in different size corrections for different 
groups, which would not be comparable (Klingenberg 2009). The pooled within-group 
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regression provides a compromise estimate of allometry, so long as the allometric regressions 
in the different groups are not drastically different (Klingenberg 2009).  
A permutation test for the null hypothesis of independence of shape from size was performed 
in MorphoJ with 10,000 permutations (Mielke and Berry 2007). The associations of the LCS 
values (  ) with the Procrustes coordinates (  ) are randomised, generating a permutation set 
of randomised combinations of   and   (Zelditch et al. 2004). The regression model is then 
fitted to each permutation set and the slope is calculated. The p-value is given as the chance 
that the observed regression slope could have been produced by a random association of   
and  . 
 
Equation 2-1: Computation of the regression score ( ), in which   is the random vector of the Procrustes 
coordinates and   and    are the regression vector and transposed regression vector for the independent 
variable. 
                
 
A test for common intercepts and slopes was performed to assess whether the regression 
slopes are similar for all the species, by comparing the 95% confidence intervals. The slopes of 
static allometric trajectories are strongly affected by sampling error (Cardini and Elton 2007). 
Therefore, not all slopes must have overlapping 95% confidence intervals, but the majority 
should do. The intercepts are allowed to be statistically different, but the slopes should 
generally not be significantly different. The residuals from the regression, when suitable, 
constitute the new shape variables for further analyses. This has been shown to give good 
results in both traditional and geometric morphometrics (Bruner and Costantini 2009; 
Mutsvangwa et al. 2010; Pierce et al. 1994). The shape visualizations are, however, based on 
the original Procrustes coordinates and not the regression residuals. If allometry accounts for 
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much of the shape variation, shapes may look different, even when the other analyses indicate 
their regression residuals are similar. 
The regression was visualised by means of regressions scores calculated by MorphoJ following 
Drake and Klingenberg (2008). The regression score is computed as the projection of the data 
points onto the vector of the regression coefficient (Equation 2-1).  
 
2.3.3 Principal Components Analysis 
 
Principal components analysis (PCA) and relative warp analysis are synonymous when applied 
to Procrustes coordinates (Mitteroecker et al. 2004). PCA computes new variables to maximise 
the variability of the scores for the whole dataset (Davies & Fearn, 2008). The resulting 
principal componenents (PCs), however, are statistical constructions that intentionally 
combine different anatomical regions and, thus, almost never correspond to actual biological 
factors (Mitteroecker et al. 2004). Most of the variation is captured in the first few PCs and 
interpretation of these is most useful. In this research, the number of interpretable PCs was 
determined based on scree plots. After the bars of the scree plot start to flatten out, the 
corresponding components were regarded as non-significant. A graphical representation of the 
distribution of the specimens along the components made it possible to identify groups. 
Further statistical analyses, which are described below, have to be used to quantify the 
difference between groups.  
Thus, in this research, differences between species were assessed by performing PCA on 
Ursidae separately for each element (step 4 in Figure 2-1). Regression residuals of the 
Procrustes coordinates regressed onto LCS, instead of the Procrustes coordinates, served as 
the dependent variables for these analyses to correct for allometry (see above). The analyses 
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were initially only performed on extant species, because the ecology, behaviour and diet are 
known, and the PCs are expected to be relatively straightforward to interpret.  
 
2.3.4 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares (2B-PLS) is useful for exploring and the patterns of covariation 
between two sets of variables (Rohlf and Corti 2000), in this case, shape data and 
environmental or dietary data. 2B-PLS constructs pairs of variables that are linear 
combinations of the original variables in the two sets and account for as much as possible of 
the covariation (Klingenberg 2011b; Rohlf and Corti 2000). An important difference between 
2B-PLS and canonical correlation analysis (CCA) is that the PLS axes are correlated within each 
set of variables and CCA axes are not, because the latter are constructed as linear correlations 
of the variables within each set (canonical variables) that maximise the correlation between 
corresponding canonical variables between sets (Rohlf and Corti 2000). An advantage of 2B-
PLS over CCA is that its coefficients relatively straightforward to interpret, because they are 
not related to the coefficient of highly correlated variables (Rohlf and Corti 2000).  Two-block 
partial least squares analysis has successfully been used in other geometric morphometric 
studies (e.g., Corti et al. 1996; Noback et al. 2011). 
Two-block partial least squares analysis was performed in MorphoJ version 1.02h (Klingenberg 
2010b) on the Procrustes coordinates in block 1 and the environmental or dietary variables 
(Table 2-1) in block 2 (step 5 in Figure 2-1). A permutation test with 10,000 rounds was 
performed for each analysis. The permutation test is performed by randomly permuting the 
association between variables and the regression residuals (Rohlf and Corti 2000). The 
permutation test assumes a null hypothesis of complete independence between the two 
blocks of variables (Klingenberg 2010b). Here and throughout results are considered highly 
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significant when they meet α=0.01 and significant when they meet α=0.05. Selection of PLS 
axes was based on a scree plot and a criterion of high significance. 
 
Table 2-1: List of variables used as covariates. Values for dietary variables can be found in Table 2-5 and Table 2-6. 
The moisture index (*) is only used for the mandibular analyses with 15 landmarks and omitted subsequently. 
Climatic variables Dietary variables 
Annual temperature % foliage in diet 
Minimum monthly temperature % roots in diet 
Maximum monthly temperature % soft mast in diet 
Standard deviation of temperature % hard mast in diet 
Annual precipitation % invertebrates in diet 
Minimum precipitation % vertebrates in diet 
Maximum precipitation  
Standard deviation of precipitation  
Months with less than 50 ml precipitation  
Months with less than 100 ml precipitation  
Annual moisture index*  
Minimum moisture index*  
Maximum moisture index*  
Standard deviation of moisture index*  
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In the analyses including fossils, the fossils were given a zero value for all environmental and 
dietary variables that were unknown for the fossils, apart from latitude and altitude, which 
were known. Although it is possible to indicate in MorphoJ that a value for diet or environment 
is missing by NaN (not a number), MorphoJ then ignores the entire specimen, rather than 
plotting the fossils according to block 1 (shape data), while only ignoring block 2 (environment 
or diet). Choosing zero as input value did not visibly alter the results compared to using 
average values (e.g., in the case of diet 16.7% for each food item). And the effect of the 
inclusion of the fossils with zero input values was also controlled for, as is explained below. 
After addition of the fossil to the 2B-PLS analyses, they were interpreted in terms of their most 
likely environment and diet. 
 
2.3.5 Inclusion of Fossils 
 
After the principal components and partial least squares results were interpreted in terms of 
behaviour and environment for extant species, fossil species were added to the dataset and 
Procrustes superimposition (step 6 in Figure 2-1), allometric correction (step 7), PCA (step 8) 
and 2B-PLS (step 12)  were repeated with the inclusion of fossil specimens. The regression 
residuals, PC scores and 2B-PLS results of the extant specimens in the analyses, both with and 
without fossils, were correlated with each other. Here and throughout high correlation 
coefficients (>0.900) are interpreted as that the underlying factors influencing the PC scores 
and 2B-PLS results remained the same and the fossils can be interpreted following the 
interpretation of the extants, whereas low absolute correlation coefficients are interpreted as 
that there are different factors influencing the PC scores and 2B-PLS results and interpretation 
for fossil and extant specimens need not be the same. Student’s t-tests were performed to 
assess whether fossil U. arctos is different to modern U. arctos and U. deningeri is different to 
U. spelaeus, degrees of freedom (df) are given between brackets after the t-statistic. Position 
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of the fossil species along the principal components was then interpreted analogously with the 
extant species. 
 
2.3.6 (Multivariate) Analysis of (Co)Variance 
 
The groups identified with PCA have not yet been tested for statistical significance. For this 
purpose, it is possible to use (multivariate) analysis of (co)variance (M)AN(C)OVA and 
appropriate post-hoc tests, which were all performed in PASW Statistics 17.0.2 (SPSS Inc. 
2009). Variance of shape is reasonably accurate even in relatively small samples, warranting 
the use of (M)AN(C)OVA  (Cardini and Elton 2007). After a Levene’s test for homogeneity of 
variances and a Kolmogorov-Smirnov test to determine normality, a (M)AN(C)OVA was 
performed on the PCA scores to determine the significance of group membership along each 
component. As there is no information on climate or diet available for the fossils, the analyses 
are only performed on the extant specimens of both PCAs (so the fossils of the PCA including 
fossils are temporarily excluded from the dataset to perform (M)AN(C)OVA). When the results 
are reported in the form “F(x,y)=a, p=b”, x is the hypothesis degrees of freedom and y is the 
error degrees of freedom. When only df1 and df2 are given, the former is the hypothesis 
degrees of freedom and the latter the error degrees of freedom. Post-hoc Tukey B and HSD 
tests were performed when significant results were obtained to determine homogeneous 
subsets (α=0.05). Post-hoc Tukey tests were not possible for (M)ANCOVAs, only (M)ANOVAs. 
When the variances were unequal, a Kruskal-Wallis test and a Tamhane post-hoc test were 
performed instead (e.g., Barbato et al. 2002; Pflugfelder et al. 2005). The degrees of freedom 
(df) of the Kruskal-Wallis tests are given in brackets after the χ2 statistic. 
Stepwise MANCOVAs were also carried out in PASW Statistics 17.0.2 by adding each 
independent variable to the model separately. The threshold value for inclusion in the model 
of the independent variables was α=0.01. The dependent variables were the PC scores of 
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extant animals and the independent variables were species, subspecies, population or dietary 
categories based on the importance of varying food items (Table 2-7), latitude, absolute 
latitude (i.e., distance from the equator in either direction), altitude and several climatic 
variables, which are listed in Table 2-1. 
Sexual dimorphism was assessed using a multivariate analysis of variance (MANOVA) (e.g., 
Cardini and Elton 2008; Hofstetter and Ward 1992; Ivanovid et al. 2009; Tregenza et al. 2000; 
Willig et al. 1986). A 2-factor MANOVA with species, sex, and species * sex interaction allowed 
an assessment of whether or not species differ in their sexual dimorphism, indicated by a 
significant interaction term. The effect of sex on the morphology of the extant specimens was 
determined, both for allometrically corrected and uncorrected data. For the analyses based on 
the crania and mandibulae there were enough specimens to analyse the magnitude and nature 
of sexual dimorphism (See Appendix A for the distribution of males, females and unsexed 
specimens). The analyses were performed separately for each element due to a lack of 
associated specimens. 
Thus, (M)AN(C)OVAs and stepwise (M)AN(C)OVAs were performed on the data with PC scores 
as dependent variables, environmental variables as covariates and most important food item, 
species, subspecies or population as fixed factor (step 9 in Figure 2-1). Post-hoc Tukey B and 
HSD tests were performed subsequently to determine homogeneous subsets.  
 
2.3.7 Stepwise Linear Regression 
 
Stepwise linear regression (step 9 in Figure 2-1) was carried out in PASW Statistics 17.0.2 (SPSS 
Inc. 2009) with the PC scores of extant animals as the dependent and the percentages of 
varying food items in the diet (Table 2-5), latitude, absolute latitude, and several climatic 
variables as independent variables (Table 2-1). The stepping method criterion was set to use 
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the probability of F with entry of the variable at p=0.009999 and removal at p=0.010000. As 
there is no information on climate or diet available for the fossils, the analyses are only 
performed on the PC scores of the extant specimens. 
 
2.3.8 Stepwise Generalised Linear Model 
 
Stepwise generalised linear models (GLMs) have also been carried out in PASW Statistics 
17.0.2 (SPSS Inc. 2009) by adding each independent variable to the model separately (step 10 
in Figure 2-1). The dependent variables were the PC scores of extant animals, as there is no 
information on climate or diet available for the fossils, and the independent variables were 
dietary categories based on the importance of varying food items (Table 2-7), latitude, 
absolute latitude, altitude and several climatic variables, which are listed in Table 2-1. The 
stepping method criterion was set to use the probability of F with entry of the variable at 
p=0.009999 and removal at p=0.010000. 
 
2.3.9 Discriminant Function Analysis 
 
Stepwise discriminant function analysis (DFA) based on Wilk’s Lambda was performed in PASW 
17.0.3 (SPSS Inc. 2009) on the PC scores with most important food item as grouping variable 
(step 11 in Figure 2-1). The stepping method criterion was set to use the probability of F with 
entry of the variable at p=0.009999 and removal at p=0.010000. Cross-validation was 
performed for extant specimens. The group membership of fossils, being ungrouped 
specimens, was predicted based on the discriminant function(s). Each analysis was performed 
twice: once with equal prior probabilities for all groups and once with prior probabilities 
computed from group sizes. The results were accepted for interpretation when cross-
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Phylogenetic trees of the taxa involved were created in Mesquite (Maddison and Maddison 
2010) based on Bininda-Emonds et al. (1999) and Hofreiter et al. (2002) (Figure 2-10). The 
nexus file of this tree was imported into MorphoJ and mapped onto PCA and 2B-PLS results 
(step 13 in Figure 2-1). A permutation test for the phylogenetic signal in the data simulates the 
null-hypothesis of the complete absence of a phylogenetic signal by randomly permuting the 
phenotypic data among the terminal taxa in the analysis (Klingenberg and Gidaszewski 2010). 
Rejection of the null-hypothesis indicates that there appears to be some phylogenetic signal in 
the data. When a phylogenetic signal was present, scatter plots of the taxon means of the PC 
or PLS scores, with the phylogeny superimposed according to the reconstructed ancestral 
values, were interpreted in terms of evolutionary pathways.  
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Figure 2-10: Phylogenetic tree of the family Ursidae (left) and the genus Ursus (right) as used in the present study, 
based on Bininda-Emonds et al. (1999) and Hofreiter et al. (2002). Uma=Ursus maritimus; Uth=U. thibetanus; 
Uar_west=extant U. arctos belonging to the western clade; Uar_east=extant U. arctos belonging to the eastern 
clade; Uarf_west=fossil U. arctos; Uam=U. americanus; Mur=M. ursinus; Hma=H. malayanus; Tor=T. ornatus; 
Ame=A. melanoleuca. For the family Ursidae, the node ages are as follows. Root: 21.8 Ma; node 1: 14.5 Ma; node 
2: 5.7 Ma; node 3: 3.3 Ma; node 4: 1.2 Ma; node 5: 0.3 Ma; node 6: 1.0 Ma; node 7: 0.2; node 8: 1.0 Ma. For the 
genus Ursus, the node ages are the same as for the family Ursidae for nodes 2 to 5, but different thereafter. Node 
6: 0.9 Ma; node 7: 0.2; node 8: 0.2 Ma.   
 
2.3.11 Programming errors in MorphoJ 
 
Over time, several smaller and larger programming errors have been found and corrected in 
the program MorphoJ (Klingenberg 2011a). Some of these did not have large effects on the 
outcomes and only affected, for example, visualizations. Some, however, have had a large 
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influence on the results. One of the more recent programming errors was a bug in the code for 
the permutation tests that resulted in erroneous p-values for the correlations between PLS 
scores (Klingenberg 2011a). The effects of this bug have been tested by redoing the 2B-PLS 
analyses in Chapter 1 with MorphoJ 1.04a. The results showed that the p-values were identical 
up to three decimal places. Therefore, this particular bug does not affect the p-values in a way 
that influences the results. 
 
Equation 2-2: Computation of the regression residuals (  ), in which    is the Procrustes coordinate of the n
th
 
specimen and      and      are the natural logarithm of centroid size of the n
th
 individual and of the mean. 
                     
 
To further check the possibility of the presence of programming errors in MorphoJ that would 
affect the results, Procrustes superimposition, allometric correction, PCA, 2B-PLS analysis and 
the phylogenetic analysis have been redone in other programs. Procrustes superimposition 
was conducted in Morphologika and the results were found to be identical up to three decimal 
places. The first regression analysis on LCS was repeated in PASW to verify the results of 
MorphoJ. ANCOVAs were performed with the Procrustes coordinates as dependent variables 
and LCS as independent variable to produce the regression coefficients (slopes). The regression 
residuals were subsequently computed by hand using Equation 2-2. There was no difference 
between the manually calculated regression residuals and those given by MorphoJ. The 
progam Past was used to do PCA and 2B-PLS analyses, which gave exactly the same results as 
MorphoJ. The results of the phylogenetic analyses were validated with Mesquite. Mesquite 
and MorphoJ give the same results. Thus, the results produced by MorphoJ are the same as 
those from other programs and, consequently, are reliable. Therefore, only the results from 
MorphoJ are presented in this thesis. 
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Chapter 3 Results General Shape Mandibulae 
 
3.1 Mandibulae of Ursidae 
 
A total of 104 bear mandibles were digitised with 15 landmarks (indicated with G in Table 2-3) 
and analysed; numbers of specimens are given in Table 3-1. A list of specimens and 
geographical information is given in Appendix A. The extant specimens were analysed 
separately to establish a reference frame first, after this the fossil U. arctos and U. spelaeus 
were added to the analyses. 
 
Table 3-1: Numbers of specimens per species that are included in the analyses of the mandible with 15 










Ailuropoda melanoleuca Holocene 5  Ursus arctos Holocene 28  
Helarctos malayanus Holocene 6  Ursus arctos Pleistocene 1 
Melursus ursinus Holocene 15  Ursus maritimus Holocene 11 
Tremarctos ornatus Holocene 5  Ursus spelaeus Pleistocene 13 




3.1.1 Extant Ursidae 
 
3.1.1.1 Procrustes Superimposition 
 
Procrustes superimposition was performed on 15 landmarks in three dimensions of 90 extant 
bear specimens in MorphoJ. The spread of the Procrustes coordinates of all specimens can be 
seen in the Procrustes and tangent sums of squares in their respective spaces analogous to 
standard error in traditional morphometrics. The Procrustes sum of squares is 1.0018 and the 
tangent sum of squares is 0.9822 as given by MorphoJ.  
 
3.1.1.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto centroid size (CS) 
pooled per species is visualised by means of regression scores after Drake and Klingenberg 
(2008) in Figure 3-1. To indicate the relative amount of variation, which the regression 
accounts for, the total predicted and residual sums of squares are given. The total sum of 
squares is 1.0802, of which 0.0537 (4.9758%) is predicted and 1.0265 is residual. A 
permutation test against independence with 10,000 randomisation rounds gives p<0.0001, 
indicating that shape and size are not independent of each other. 
The Procrustes coordinates were also regressed onto the natural logarithm of centroid size 
(LCS) pooled per species using MorphoJ. The result is shown in Figure 3-2. The total sum of 
squares is 1.3149, of which 0.1541 (11.7194%) is predicted and 1.1608 is residual. A 
permutation test against independence with 10,000 randomisation rounds gives p<0.0001, 
indicating that shape and the natural logarithm of centroid size are not independent either.  
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Figure 3-1: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the extant Ursidae onto centroid size (CS) of the mandibulae pooled per species 
plotted against CS. 
 
Neither of the regression models has highly significantly uncorrelated dependent and 
independent variables. Regression onto LCS performs better than regression onto CS, because 
it predicts a larger percentage of the total sum of squares. Because static allometry 
theoretically has an exponential nature and the regression onto LCS predicts a larger part of 





Figure 3-2: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the extant Ursidae onto the natural logarithm of centroid size (LCS) of the 
mandibulae pooled per species plotted against LCS.  
 
The 95% confidence intervals of the slopes of individual regression analyses per species 
generally overlap, but there are a few exceptions (see Table B-1 to Table B-11). Out of 45 
Procrustes coordinates eleven slopes do not have an overlap for all species, of which six are 
caused by M. ursinus, three by H. malayanus, one by T. ornatus, and one by U. americanus and 
U. arctos not overlapping. Although it is possible that M. ursinus truly follow a different 
relationship between size and shape to the other bear species, it only occurs in eight out of 45 
coordinates, which is relatively few. Thus, for the PCA and 2B-PLS the regression residuals of 
the regression analysis of the Procrustes coordinates onto LCS pooled per species was used. 
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3.1.1.3 Principal Components Analysis 
 
Principal components analysis (PCA) was performed on the regression residuals of the 
regression onto LCS pooled per species in MorphoJ. Based on the results of a scree plot (Figure 
3-3), only the first four principal components (PCs) were considered. 
 
 
Figure 3-3: Scree plot of percentage variance explained by each PC, based on the PCA of the regression residuals 
of the regression of the Procrustes coordinates onto LCS, shown as an example; further scree plots are not given. 
 
PC1 explains 34.2% of the total variance (Figure 3-3). PC1 separates groups of bear species 
(Figure 3-4). A. melanoleuca and T. ornatus have relatively low PC1 scores.  M. ursinus and H. 
malayanus have relatively high PC1 scores. Bears belonging to the genus Ursus have 
intermediate PC1 values, U. maritimus having slightly higher values than the other bears of this 
genus, placing it closer to H. malayanus and M. ursinus. 
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PC2 explains 21.3% of the total variance, which is 55.5% cumulatively together with PC1 
(Figure 3-3). PC2 separates A. melanoleuca from T. ornatus, with A. melanoleuca having much 
higher scores (Figure 3-4). PC2 also distinguishes between H. malayanus and M. ursinus, with 
M. ursinus having slightly lower scores. There are also very slight differences observable 
between members of the genus Ursus with U. maritimus having the lowest scores and U. 
thibetanus and U. americanus the highest. 
 
 
Figure 3-4: PCs 1 and 2 of the principal components analysis on the regression residuals of the extant species after 
a regression analysis of the Procrustes coordinates onto LCS pooled per species. The colours indicate the most 
important food item in the diet. 
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PC3 explains 14.3% of the total variance, which accumulates to 69.7% together with PCs 1 and 
2 (Figure 3-3). PC3 particularly separates T. ornatus from the other species (Figure 3-5). T. 
ornatus has very high PC3 scores. Both A. melanoleuca and U. maritimus have relatively low 
PC3 scores. 
PC4 explains 9.2% of the total variance, which accumulates to 78.9% together with the 
previous PCs (Figure 3-3). H. malayanus has relatively high PC4 scores, whereas M. ursinus and 
A. melanoleuca have relatively low PC4 scores (Figure 3-5). 
 
 
Figure 3-5: PCs 3 and 4 of the principal components analysis on the regression residuals of the extant species after 
a regression analysis of the Procrustes coordinates onto LCS pooled per species. The colours indicate the most 
important food item in the diet. 
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3.1.1.4 Sexual Dimorphism 
 
The influence of sexual dimorphism on the data was tested by performing PCA directly on the 
Procrustes coordinates without any allometric correction and comparing these results with the 
PCA above through MANOVA. Of the first four PCs, sex has a significant influence on PC2 
(F(1,38)=5.273, p=0.027) when no allometric correction is performed. The interaction term of 
species*sex is not significant on any of the PCs (df1=6, df2=38). After allometric correction, sex 
(df1=1, df2=38) and the interaction term species*sex (df1=6, df2=38) do not have a significant 
effect on any of the first four PCs. The tests show that sexual dimorphism is sufficiently filtered 
out by correcting for allometry, and all following analyses, described below, can, thus, be 
performed assigning males, females and unsexed specimens to the same group.  
 
3.1.1.5 Two-Block Partial Least Squares 
 
Two-block partial least squares (2B-PLS) was performed on the regression residuals of the 
regression onto LCS pooled per species versus latitude, altitude and the climatic variables 
listed in Table 2-1. Based on the results of a scree plot and the criterion of high significance, 
only the first two PLS axes were considered. 
The RV coefficient, which can be interpreted as a multivariate analogue of the squared 
correlation coefficient, indicates the overall strength of the association between the two 
blocks; RV=0.1750. A permutation test against the null hypothesis of independence gives 
p<0.0001, indicating that the two blocks are not independent.  
PLS1 explains 96.0% of the total covariance with a correlation of 0.4918 between the two 
blocks. MorphoJ 1.02h gives p<0.0001 and MorphoJ 1.04a gives p=0.0003. PLS1 separates A. 
melanoleuca and T. ornatus from the other bear species in block 1, because they have 
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relatively high PLS1 scores (Figure 3-6). H. malayanus, M. ursinus and U. maritimus have 
relatively low PLS1 scores and the other bear species are intermediate.  In block 2, PLS1 is 
mostly determined by altitude. 
PLS2 explains 3.9% of the total covariance with a correlation between blocks of 0.5787 
(p<0.0001 in both versions of MorphoJ). PLS2 makes a distinction between the members of the 
genus Ursus and the other bear species in block 1, as the former have relatively low PLS2 
scores (Figure 3-6). In block 2, PLS2 is mostly associated with maximum precipitation. 
 
 
Figure 3-6:  PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant species, after a regression 
analysis of the Procrustes coordinates onto LCS pooled per species, and latitude, altitude and the climatic 




Two-block partial least squares was also performed on the regression residuals of the 
regression onto LCS pooled per species and the dietary variables listed in Table 2-1. Based on 




Figure 3-7: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant species, after a regression 







The overall strength of the association between the two blocks is given by the RV coefficient: 
0.6013. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent. 
 
 
Figure 3-8: PLS axes 1 and 3 of block 1 of the 2B-PLS on the regression residuals of the extant species, after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species, and the dietary variables indicated 
in Table 2-1.  
 
PLS1 explains 59.9% of the total covariance with a correlation of 0.9519 between the two 
blocks (p<0.0001 in both versions of MorphoJ). PLS1 separates H. malayanus and M. ursinus 





and Figure 3-8). A. melanoleuca and T. ornatus have relatively high PLS1 scores, A. 
melanoleuca slightly higher than T. ornatus, and members of the genus Ursus are 
intermediate.  In block 2, PLS1 is mostly determined by the percentages of invertebrates and 
foliage in the diet. 
PLS2 explains 28.5% of the total covariance with a correlation between blocks of 0.7661 
(p<0.0001 in both versions). PLS2 makes a distinction between several groups of bear species 
in block 1 (Figure 3-7). A. melanoleuca and T. ornatus have the lowest PLS2 values. H. 
malayanus and M. ursinus have higher PLS2 scores, but still relatively low compared to the 
other species. The PLS2 scores of H. malayanus overlap with the lower end of M. ursinus. U. 
arctos, U. americanus and U. thibetanus have intermediate PLS2 scores, and U. maritimus has 
the highest PLS2 values. In block 2, PLS2 is mostly associated with the relative amount of 
vertebrates in the diet. 
PLS3 explains 11.1% of the total covariance between the blocks with a correlation of 0.7967 
(p<0.0001 in both versions). PLS3 makes a large distinction between A. melanoleuca with very 
high and T. ornatus with very low PLS3 scores. Additionally PLS3 also separates H. malayanus 
and M. ursinus, with H. malayanus having slightly higher scores. In block 2, PLS3 is mostly 




Figure 3-9 displays the average shapes of three groups based on PC1 scores (Figure 3-4). A. 
melanoleuca and T. ornatus (blue in Figure 3-9) display a relatively ventrally positioned 
masseteric fossa, high coronoid process positioned with the apex relatively rostrally, the 
incisor and canine alveoli are positioned high relative to the molar alveoli, the mandible is 
short relative to its height and the ventral border is curved.  This group also has a relatively 
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deep mandibular symphysis compared to the genus Ursus. Generally, this group of species has 
a very robust mandible that is very resistant to bending and torsion forces. Members of the 
genus Ursus (purple in Figure 3-9) have a relatively dorsally positioned masseteric fossa, low 
coronoid process with the apex relatively caudally, the incisor, canine and molar alveoli are 
more at the same level than for A. melanoleuca and T. ornatus, and the ventral border is rather 
straight. Members of the genus Ursus have the most slender and delicate mandibles that are 
not very resistant to bending and torsion forces.  H. malayanus and M. ursinus (yellow in 
Figure 3-9) have a mandible which is caudally very similar to the genus Ursus. Rostrally, 
however, they have a much deeper mandibular symphysis than any of the other groups. The 
ventral border is very straight. These bears have mandibles that provide much space in the 
mouth cavity for their long tongues. Additionally, their coronoid process is located rather 
caudally.  
A. melanoleuca has a higher coronoid process, than T. ornatus (Figure 3-10). Additionally, its 
masseteric fossa is located more rostrally, and its mandibular symphysis is deeper, than T. 
ornatus. As such, A. melanoleuca is generally better adapted to resist bending and torsion 
forces than T. ornatus. And, additionally, A. melanoleuca also has longer moment arms for its 
masticatory muscles. All members of the genus Ursus have very similar morphology (Figure 
3-11). U. maritimus is most different out of the four. This species has a relatively straight jaw 
compared to the others and its masseteric fossa is located rather rostrally. This implies that U. 
maritimus has a relatively weak jaw with respect to resisting bending forces, but its masseter 
muscle has a rather long moment arm. The masseteric fossa of H. malayanus is positioned 
much more rostrally and slightly more ventrally than that of M. ursinus (Figure 3-12).  
Furthermore, its coronoid process is higher than that of M. ursinus.  H. malayanus also has a 
deeper mandibular corpus than M. ursinus, and a thicker mandibular symphysis. This indicates 
that H. malayanus has longer moment arms for its masticatory muscles and its jaw is more 
resistant to torsion forces. 
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Figure 3-9: Average shapes of the mandibles. Yellow: Helarctos malayanus and Melursus ursinus (high PC1 scores; 
most important food item: invertebrates); purple: members of the genus Ursus (intermediate PC1 scores; most 
important food item: vertebrates, soft or hard mast); blue: Ailuropoda melanoleuca and Tremarctos ornatus (low 
PC1 scores; most important food item: foliage or soft mast). 
 
 
Figure 3-10: Average shapes of the mandibles of the species with low PC1 scores. Red: Ailuropoda melanoleuca; 
turquoise: Tremarctos ornatus. 
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The shape changes associated with PC1 and PLS1 of the 2B-PLS analysis on the dietary 
variables are the same. They are mainly based on the position of the masseteric fossa and the 
distal part of the dentition. High PC1 and low PLS1 scores indicate that the masseteric fossa is 
located very dorsorostrally, increasing the moment arm of the masseter, and low PC1 and high 
PLS1 scores indicate the reverse. Additionally, high PC1 and low PLS1 scores are associated 
with a relatively deep mandibular symphysis dorsoventrally, which increases resistance to 
torsion, and a caudally located coronoid process. 
 
 
Figure 3-11:  Average shapes of the mandibles of the members of the genus Ursus. Green: U. maritimus; purple: 
U. thibetanus; grey: U. americanus; pink: U. arctos. 
 
The shape changes associated with PC2 and PLS2 of the 2B-PLS analysis on the dietary 
variables are very similar. They are predominantly influenced by differences in the position of 
the coronoid process. Other morphological features associated with high PC2 and low PLS2 
scores are a relatively large mandibular symphysis, both caudorostrally and dorsoventrally, 
increasing torsion resistance. The main difference is that the masseteric fossa is located 
dorsocaudally for low PC2 scores and dorsorostrally for high PLS2 scores. 
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The shape changes associated with PC3 and PLS3 of the 2B-PLS analysis on the dietary 
variables are, again, very similar. They are mainly based on the position of the masseteric 
fossa. High PC3 and low PLS3 scores mean that the masseteric fossa is located caudally relative 
to the distal dental elements, shortening the moment arm of the masseter. The main 
difference between PC3 and PLS3 is that high PLS3 scores indicate a relatively elongated 
mandibular symphysis in dorsorostral direction, whereas low PC3 scores are associated with a 
smaller mandibular symphysis. The separation between T. ornatus and the other bear species 
is due to the presence of a premasseteric fossa in T. ornatus, effectively pushing the 
masseteric fossa further back. 
 
 
Figure 3-12: Average shapes of the two insectivorous species with high PC1 scores. Brown: Helarctos malayanus; 
purple: Melursus ursinus. 
 
The shape changes associated with PC4 are based on the mandibular symphysis and the 
relative size of the masseteric fossa. Low PC4 scores are associated with a relatively elongated 
mandibular symphysis, which increases the resistance to torsion forces, and a small masseteric 
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fossa. High PC4 scores on the other hand denote a relatively compact mandibular symphysis 
and a large masseteric fossa. 
PLS1 of the 2B-PLS analysis on latitude, altitude and the climatic variables is associated with 
the depth of the mandible and mandibular symphysis, as well as the size of the distal dental 
elements. High PLS scores indicate a thin mandible, a small mandibular symphysis in both 
dimensions and a large grinding basin of the dentition.  
PLS2 of the same analysis is mostly associated with the relative position of the masseteric 
fossa. High PLS2 scores indicate a relatively ventrocaudal position of the masseteric fossa. 
Additionally, high PLS2 scores correspond to a rather rostral coronoid process relative to the 
condyle and the angular process. 
 
3.1.2 Extant and Fossil Ursidae 
 
3.1.2.1 Procrustes Superimposition 
 
After the analyses on the extant species, 13 fossil U. spelaeus and one fossil U. arctos were 
added to the Procrustes superimposition, resulting in a total of 104 extant and fossil bear 
mandibles in the dataset.. The Procrustes sum of squares is 1.1004 and the tangent sum of 
squares is 1.0802.  
 
3.1.2.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS of all bear 
mandibles together is shown in Figure 3-13. The total sum of squares is 0.2948, of which 
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0.0221 (7.4815%) is predicted and 0.2727 is residual. A permutation test against independence 
gives p<0.0001.  
 
 
Figure 3-13: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of fossil and extant Ursidae onto the natural logarithm of centroid size (LCS) of the 
mandibulae pooled per species plotted against LCS. Fossil U. arctos has a larger symbol and is filled with black. 
 
The regression residuals of the regressions with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other. Pearson’s correlation coefficients 
(r) do not drop below 0.999, save five, which still do not drop below 0.996 (p=0.000). 
 105 
The 95% confidence intervals of the slopes of individual regression analyses per species 
generally overlap, but there are some exceptions (Table B-12 to Table B-23 in 0). Out of 45 
Procrustes coordinates twelve slopes do not have an overlap for all species, of which five are 
caused by M. ursinus, three by H. malayanus, and one by U. maritimus and T. ornatus each. 
Additionally, there is also one instance where U. americanus and U. arctos have non-
overlapping confidence intervals. And, for Procrustes coordinate 37, the 95% confidence 
interval of the slope of M. ursinus does not overlap with H. malayanus and U. arctos. 
 
3.1.2.3 Principal Components Analysis 
 
After one fossil U. arctos and 13 U. spelaeus were added to the PCA (Figure 3-14 and Figure 
3-15), the PCs display similar trends as previously with only the extant specimens (Figure 3-4 
and Figure 3-5). PC3 of this analysis is the approximate inverse of the PCA without fossils. For 
the extant specimens from both datasets PCs 1, 2, 3 and 4 have Pearson’s correlation 
coefficients (r) of 0.996, 0.993, -0.983 and 0.962 respectively, all these correlations are highly 
significant (p=0.000). K-S tests and a Levene’s test indicate that the data are normally 
distributed for each species and the variances can be assumed to be homogeneous. The single 
fossil U. arctos is not significantly different from the modern U. arctos on any of the PCs 
(df=27) and it may, therefore, be considered to belong to the same group in further analyses. 
Including fossils, PC1 explains 35.8% of the total variance. U. spelaeus has relatively low PC1 
scores, which are comparable to A. melanoleuca and T. ornatus (Figure 3-14). Within the 
spectrum of the genus Ursus, U. spelaeus is at the opposite end to U. maritimus. 
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Figure 3-14: PCs 1 and 2 of the principal components analysis on the regression residuals of all species after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species. The colours indicate the most 
important food item in the diet; red denotes the specimen is fossil and diet is unknown. Fossil U. arctos has a 
larger symbol and is filled with black. 
 
PC2 explains 19.4% of the total variance, which, together with PC1, is 55.2% cumulatively. Of 
the group of species with relatively low PC1 scores, A. melanoleuca has the highest PC2 values. 
The spectacled bear (T. ornatus) has intermediate PC2 scores and the cave bear (U. spelaeus) 
has the lowest PC2 scores. The scores of U. spelaeus are comparable to M. ursinus and the 
other members of the genus Ursus apart from U. maritimus. 
Including fossils, PC3 explains 13.0% of the total variance, which, together with the previous 
two PCs, is 68.2% cumulatively. U. spelaeus has PC3 scores similar to the other bear species, 
except for T. ornatus, which has extremely low PC3 scores (Figure 3-15). 
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PC4 explains 9.1% of the total variance, which is 77.3% cumulatively with the higher order PCs. 
U. spelaeus has PC4 scores that are most similar to those of A. melanoleuca, but shows overlap 
with M. ursinus and U. arctos as well (Figure 3-15). 
 
 
Figure 3-15: PCs 3 and 4 of the principal components analysis on the regression residuals of all species after a 
regression analysis of the Procrustes coordinates onto LCS per species. The colours indicate the most important 
food item in the diet; red denotes the specimen is fossil and diet is unknown. Fossil U. arctos has a larger symbol 





3.1.2.4 Kruskal-Wallis and (M)ANCOVA 
 
K-S tests indicate that all data are normally distributed except for soft mast on PC3. A Levene’s 
test for homogeneity of variances indicates that none of the PCs has homogeneous variances 
for most important food item as fixed factor. To make a rough prediction of the most 
important food item in the diet of U. spelaeus a Kruskal-Wallis test was conducted on PC1 to 
PC4 with most important food item as fixed factor and the PC scores as dependent variables. 
As there is no non-parametric alternative for MANCOVA, this test was performed 
subsequently, with caution, on the first four PC scores as dependent variables. The most 
important food item is the fixed factor, and latitude, altitude and the climate variables (Table 
2-1) are the covariates. The results are shown in Table 3-2. Additionally, stepwise ANCOVAs 
were performed on PCs 1 to 4. Because more than half of the significant independents in Table 
3-2 are highly significant, a threshold value of α=0.01 was considered to be sufficient for 
stepwise ANCOVA. The results are shown in Table 3-3 to Table 3-6. Phylogeny is not included 
as a fixed factor in these analyses, but is dealt with separately from page 138. The analyses of 
intraspecific variation will also follow later. 
A Kruskal-Wallis test was conducted on all extant bear species and U. spelaeus. The most 
important food item has a highly significant effect on PC1 scores (χ2(5)=88.096, p=0.000) . A 
post-hoc Tamhane test indicates that all of the dietary categories are highly significantly 
different from each other; the only exceptions are that the unknown diet of U. spelaeus is not 
significantly different from bears that have foliage as their most important food item and bears 





Table 3-2: The results of MANCOVA on the PC scores of the extant specimens of the PCAs including and excluding 
fossils. The fixed factor is the most important food item and the covariates are latitude, altitude and the climatic 
variables. Only the significant results for the first four PCs are shown and results followed by an * are highly 
significant. (Continued on next two pages.) 
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Independent PCA on 
extant bears 
Significance PCA on all 
bears 
Significance 
Standard deviation of 
temperature 












Annual precipitation   PC1 F(1,68)=5.037 
p=0.028 








Minimum precipitation PC2 F(1,68)=4.286 
p=0.042 
  
 PC4 F(1,68)=4.568 
p=0.036 
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According to MANCOVA (Table 3-2), the most important food item and maximum moisture 
index have highly significant effects on PC1 scores, when fossils are not included in the analysis 
annual precipitation  is also significant. Stepwise ANCOVA (Table 3-3) shows that the number 
of months with precipitation less than 100 milliliters (ml) has a highly significant effect on PC1 
scores for the PCAs including and excluding fossils. Maximum moisture index and most 
important food item are also highly significant on PC1 in both analyses. 
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Table 3-3: Stepwise ANCOVAs on the PC1 scores of the extant specimens of the PCAs including and excluding 
fossils. Fixed factor is the most important food item and the covariates are latitude, altitude and the climatic 
variables. Only covariates with a highly significant effect are included in the model and listed below. 
Source Significance excl. fossils Significance incl. fossils 
Corrected model F(6,83)=248.123,  p=0.000 F(6,83)=120.438,  p=0.000 
 Intercept F(1,83)=94.488,  p=0.000 F(1,83)=44.865,  p=0.000 
Maximum IM F(1,83)=79.045,  p=0.000 F(1,83)=44.174,  p=0.000 
Precip. <100ml F(1,83)=9.514,  p=0.003 F(1,83)=8.220,  p=0.005 
1st food item F(4,83)=315.064,  p=0.000 F(4,83)=279.433,  p=0.000 
R2 (adjusted R2) 0.947 (0.943) 0.938 (0.934) 
 
Table 3-4: Stepwise ANCOVAs on the PC2 scores of the extant specimens of the PCAs including and excluding 
fossils. Fixed factor is the most important food item and the covariates are latitude, altitude and the climatic 
variables. Only covariates with a highly significant effect are included in the model and listed below. 
Source Significance excl. fossils Significance incl. fossils 
Corrected model F(6,83)=57.284,  p=0.000 F(6,83)=53.780,  p=0.000 
 Intercept F(1,83)=5.380,  p=0.023 F(1,83)=8.446,  p=0.005 
Latitude  F(1,83)=7.074,  p=0.009 F(1,83)=11.569,  p=0.001 
Annual precip.  F(1,83)=12.259,  p=0.001 F(1,83)=12.255,  p=0.001 
1st food item F(4,83)=47.880,  p=0.000 F(4,83)=44.861,  p=0.000 
R2 (adjusted R2) 0.805 (0.791) 0.795 (0.781) 
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Table 3-5: Stepwise ANCOVAs on the PC3 scores of the extant specimens of the PCAs including and excluding 
fossils. Fixed factor is the most important food item and the covariates are latitude, altitude and the climatic 
variables. Only covariates with a highly significant effect are included in the model and listed below. 
Source Significance excl. fossils Significance incl. fossils 
Corrected model F(5,84)=74.946,  p=0.000 F(5,84)=75.492,  p=0.000 
 Intercept F(1,84)=179.399,  p=0.000 F(1,84)=202.745,  p=0.000 
1st food item F(4,84)=39.801,  p=0.000 F(4,84)=30.739,  p=0.000 
Maximum IM F(1,84)=195.883,  p=0.000 F(1,84)=217.326,  p=0.000 
R2 (adjusted R2) 0.817 (0.806) 0.818 (0.807) 
 
Table 3-6: Stepwise ANCOVAs on the PC4 scores of the extant specimens of the PCAs including and excluding 
fossils. Fixed factor is the most important food item and the covariates are latitude, altitude and the climatic 
variables. Only covariates with a highly significant effect are included in the model and listed below. 
Source Significance excl. fossils Significance incl. fossils 
Corrected model F(5,84)=8.230,  p=0.000 F(5,84)=10.301,  p=0.000 
 Intercept F(5,84)=10.296,  p=0.002 F(1,84)=3.132,  p=0.075 
Annual precip. F(5,84)=12.311,  p=0.001 F(5,84)=10.103,  p=0.002 
1st food item F(1,84)=8.734,  p=0.000 F(1,84)=12.587,  p=0.000 
R2 (adjusted R2) 0.329 (0.289) 0.383 (0.346) 
 
According to a Kruskal-Wallis test, the most important food item has a highly significant effect 
on PC2 scores (χ2(5)=49.234, p=0.000). A post-hoc Tamhane test shows that U. spelaeus and 
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extant bears that have hard or soft mast as most important food item are not significantly 
different from each other. All other dietary categories are significantly different from each 
other. 
Most important food item has a highly significant effect on PC2 values according to MANCOVA 
(Table 3-2). Three environmental variables also have a significant effect on PC2: annual and 
minimum precipitation and altitude. Stepwise ANCOVA (Table 3-4) also indicates that the most 
important food item, latitude, and annual precipitation have a highly significant effect, but 
minimum precipitation and altitude are not highly significant. 
A Kruskal-Wallis test shows that most important food item has a highly significant effect on 
PC3 scores (χ2(5)=49.684, p=0.000). A post-hoc Tamhane test shows that U. spelaeus is 
significantly different from bears that have invertebrates, hard and soft mast as most 
important food item, but not from bears that eat mostly foliage and vertebrates. Bears that 
primarily eat foliage are highly significantly different from bears that eat mostly soft mast and 
bears that eat vertebrates are highly significantly different from those that eat invertebrates, 
soft or hard mast.  
MANCOVA shows that both most important food item and maximum moisture index have 
highly significant effects on PC3 (Table 3-2). Stepwise ANCOVA (Table 3-5) results in the most 
important food item having a significant effect, together with maximum moisture index. 
A Kruskal-Wallis test shows most important food item to have a highly significant effect on PC4 
(χ2(5)=38.834, p=0.000). A post hoc Tamhane test indicates that U. spelaeus, bears that eat 
foliage and those that eat invertebrates are not significantly different from each other. 
Additionally, bears that eat mostly invertebrates are also not significantly different from those 
that eat soft mast.  Consumers of hard mast and vertebrates are not significantly different 
either. All other pair-wise combinations are significantly different from each other. 
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Many variables have a highly significant effect on PC4 according to MANCOVA (Table 3-2): 
altitude, annual and minimum temperature and the standard deviation of temperature, annual 
precipitation, the number of months with less than 100 ml of precipitation and the most 
important food item. Stepwise ANCOVA (Table 3-3) only shows annual precipitation and the 
most important food item to have a significant effect. 
 
3.1.2.5 Linear Regression and Generalised Linear Model 
 
Stepwise linear regressions were performed on PCs 1 to 4, again with a threshold significance 
of α=0.01, and the proportion of food items in the diet, latitude, altitude and the climate 
variables listed in Table 2-1 as independent variables. These results are displayed in Table 3-7 
to Table 3-10. Stepwise generalised linear models (GLM) for the first four PCs predict which 
parameters are important. The results are given in Table 3-11 to Table 3-18. 
Stepwise linear regression on PC1 (Table 3-7) results in a highly significant contribution of the 
relative importance of foliage, invertebrates, soft mast and roots in the diet. Additionally, the 
maximum moisture index is also highly significant.  
Stepwise generalised linear model  gives equations for the PC1 scores for each most important 
food item category. As in the stepwise ANCOVA analysis, maximum moisture index and the 
number of months per year with less than 100 ml of precipitation are the parameters which 
contribute significantly to the model (Table 3-11). Additionally, since maximum moisture index 
(IM) only varies between -1 and 1 and months with less than 100 ml precipitation between 0 
and 12, it is possible to calculate minimum and maximum PC1 values for each dietary category, 
which are given in Table 3-12. The PC1 scores of U. spelaeus fall within the ranges of all dietary 
categories except foliage. This seems contradictory with the results of ANOVA. However, when 
the 95% confidence intervals of the parameters are taken into account, the range of PC1 
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scores of bears with foliage as most important food item extends to an upper bound of 
0.071861 and U. spelaeus PC1 scores are within that range. PC1, thus, shows that, based on 
GLM), cave bears could have had a diet with foliage as most important food item, but other 
diets may also have been possible. Additionally, the number of months with less than 100 ml 
precipitation and maximum moisture index are also of importance. This is likely due to the fact 
that these parameters influence vegetation, which in turn influences the diet of the bears. 
Stepwise linear regression (Table 3-8) shows that absolute latitude as well as the relative 
importance of foliage and roots in the diet is significant on PC2. Excluding fossils, invertebrates 
and annual precipitation are also significant, whereas including fossils altitude is highly 
significant in addition.  
The model parameters for PC2 based on stepwise GLM are given in Table 3-13. Annual 
precipitation and latitude contribute significantly to the model. Minimum PC2 scores per 
dietary category can be calculated based on the fact that latitude does not exceed 90° and 
precipitation cannot drop below 0 (Table 3-14). The PC2 scores of U. spelaeus are higher than 
the minimum of all groups, except for foliage. Even when the 95% confidence interval is taken 
into account its PC2 scores are still too low to fall within the range of bears with foliage as 
most important food item. It may be then be inferred that, based on these results, U. spelaeus 
may not have had foliage as most important food item. 
Stepwise linear regression (Table 3-9) results in completely different models for the PC3 scores 
of the PCAs excluding and including fossils, apart from maximum moisture index. This makes it 




Table 3-7: Stepwise linear regressions on the PC1 scores of the extant specimens of the PCAs including and 






































Table 3-8: Stepwise linear regressions on the PC2 scores of the extant specimens of the PCAs including and 

















altitude   -0.000010 t=-3.250, 
p=0.002 




% invertebrates 0.000753 t=,4.811, 
p=0.000 
  




Annual precip. 0.000126 t=3.171, 
p=0.002 
  
R2 (adjusted R2) 0.816 (0.805) 0.797 (0.787) 
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Table 3-9: Stepwise linear regressions on the PC3 scores of the extant specimens of the PCAs including and 
excluding fossils. The independent variables are the various food items in percentages, latitude, altitude and the 
















% foliage   0.000951 t=8.591, 
p=0.000 
% soft mast 0.000830 t=6.909, 
p=0.000 
  
% vertebrates   0.000728 t=9.599, 
p=0.000 




% hard mast 0.000711 t=4.402, 
p=0.000 
  
R2 (adjusted R2) 0.817 (0.809) 0.823 (0.814) 
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Table 3-10: Stepwise linear regressions on the PC4 scores of the extant specimens of the PCAs including and 













% invertebrates   -0.001032 t=-8.487, 
p=0.000 
% foliage   -0.000614 t=-4.773, 
p=0.000 







% hard mast 0.001054 t=4.358, 
p=0.000 
  
% soft mast 0.000650 t=2.913, 
p=0.005 
  
% vertebrates 0.000561 t=4.308, p=0.000     0  
R2 (adjusted R2) 0.350 (0.319) 0.424 (0.404) 
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Table 3-11: Stepwise generalised linear models on the PC1 scores of the extant specimens of the PCAs including 


























































Table 3-12: Minimum and maximum PC scores based on the stepwise generalised linear models on the PC1 scores 
given in Table 3-11. Ursus spelaeus has minimum and maximum PC1 scores of -0.093814 and -0.053798 




score based on 
extant bears 
Maximum PC 
score based on 
extant bears 
Minimum PC 
score based on 
all bears 
Maximum PC 
score based on 
all bears 
Foliage -0.65647 -0.07435 -0.52612 -0.05843 
Hard mast -0.55394 0.02818 -0.42648 0.04049 
Invertebrates -0.46307 0.11905 -0.33680 0.13018 
Soft mast -0.58833 -0.00621 -0.46469 0.00229 
Vertebrates -0.30936 0.27276 -0.40724 0.05974 
 
Stepwise GLM on PC3 indicates that maximum moisture index and minimum precipitation are 
highly significant parameters in the model (Table 3-15). Table 3-16 indicates the maximum PC 
scores for each food category based on the fact that maximum moisture index cannot drop 
below -1 and minimum precipitation cannot drop below 0. The PC3 scores of U. spelaeus are 
lower than all calculated maxima. Based on these results, it may be inferred, that U. spelaeus 
could not have had foliage, hard mast, invertebrates or soft mast as most important food item 





Table 3-13: Stepwise generalised linear models on the PC2 scores of the extant specimens of the PCAs including 


























































Table 3-14: Minimum PC scores based on the stepwise generalised linear models on the PC2 scores given in Table 
3-13. Ursus spelaeus has a minimum PC2 score of -0.03476. Green indicates that the score of U. spelaeus fall 




score based on 
extant bears 
Minimum PC 
score based on all 
bears 
Foliage 0.09656 0.09216 
Hard mast -0.04469 -0.05087 
Invertebrates -0.02065 -0.03892 
Soft mast -0.04786 -0.05043 
Vertebrates -0.07316 -0.07878 
 
Stepwise linear regression on PC4 (Table 3-10) indicates that the relative amounts of 
invertebrates and foliage in the diet and annual precipitation are significant for the model of 
the PC scores of the PCA including fossils, whereas the relative amounts of hard mast, soft 
mast and vertebrates in the diet and minimum precipitation are significant for the model 
excluding fossils.  
The parameters for a model based on stepwise GLM of PC4 are given in Table 3-17. Annual 
precipitation is significant. Based on the fact that annual precipitation cannot drop below 0, 
minimum PC4 scores for each dietary category have been calculated (Table 3-18). The scores 
of U. spelaeus are too low for any of the categories according to the models. When 95% 
confidence intervals are taken into account, however, both bears with foliage and bears with 
invertebrates as most important food item have a lower confidence bound that is compatible 
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with the scores of U. spelaeus. Annual precipitation has a significant influence on PC4 scores in 
all analyses and is therefore important for this PC. 
 
Table 3-15: Stepwise generalised linear models on the PC3 scores of the extant specimens of the PCAs including 
























































Table 3-16: Maximum PC scores based on the stepwise generalised linear models on the PC3 scores given in Table 
3-15. Ursus spelaeus has a maximum PC3 score of -0.00555. Green indicates that the scores of U. spelaeus fall 




score based on 
extant bears 
Maximum PC 
score based on all 
bears 
Foliage 0.78060 -0.79660 
Hard mast 0.83849 -0.87665 
Invertebrates 0.84752 -0.87149 
Soft mast 0.82404 -0.86378 











Table 3-17: Stepwise generalised linear models on the PC4 scores of the extant specimens of the PCAs including 






















































Table 3-18: Minimum PC scores based on the stepwise generalised linear models on the PC4 scores given in Table 
3-17. Ursus spelaeus has minimum PC4 score of -0.04121. The scores of U. spelaeus do not fall within the range of 




score based on 
extant bears 
Minimum PC 
score based on all 
bears 
Foliage -0.05634 -0.03513 
Hard mast 0.01376 0.01377 
Invertebrates -0.03420 -0.04033 
Soft mast -0.00930 -0.00187 
Vertebrates 0.00245 0.01787 
 
3.1.2.6 Discriminant Function Analysis 
 
Stepwise discriminant function analysis (DFA) was performed using five a priori groups based 
on the most important food item in the diet of the extant bears: foliage, hard mast, 
invertebrates, soft mast and vertebrates (Table 3-19 and Table 3-20). The first four PCs were 
used as independent variables. This yields four canonical discriminant functions based on all 
four PCs that account for 62.2%, 35.9%, 1.7% and 0.2% of the variance respectively and are 
mainly generated using PC1. These functions separate the five groups highly significantly 
(Λ=0.004, χ2(16)=470.281, p=0.000). When all groups have equal prior probabilities 90.0% of 
the original grouped specimens and 88.9% of the cross-validated grouped specimens are 
correctly classified. When prior probabilities are calculated from group size 92.2% of the 
original and 90.0% of the cross-validated grouped specimens are correctly classified.  
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Table 3-19: Classification results of the discriminant function analysis on the first four PCs to predict most 














Original Count foliage 5 0 0 0 0 5 
hard mast 0 9 0 1 0 10 
invertebrates 0 0 21 0 0 21 
soft mast 0 7 0 35 1 43 
vertebrates 0 0 0 0 11 11 







foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 90.0 .0 10.0 .0 100.0 
invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 16.3 .0 81.4 2.3 100.0 
vertebrates .0 .0 .0 .0 100.0 100.0 
ungrouped .0 .0 .0 100.0 .0 100.0 
 
 

















Count foliage 5 0 0 0 0 5 
hard mast 0 9 0 1 0 10 
invertebrates 0 0 21 0 0 21 
soft mast 0 8 0 34 1 43 
vertebrates 0 0 0 0 11 11 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 90.0 .0 10.0 .0 100.0 
invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 18.6 .0 79.1 2.3 100.0 
vertebrates .0 .0 .0 .0 100.0 100.0 
 
The ungrouped specimens are one U. arctos and 13 U. spelaeus. All 14 fossil specimens (100% 
for each species) are grouped as having soft mast as their most important food item 




Table 3-20: Classification results of the discriminant function analysis on the first four PCs to predict most 














Original Count foliage 5 0 0 0 0 5 
hard mast 0 7 0 3 0 10 
invertebrates 0 0 21 0 0 21 
soft mast 0 3 0 39 1 43 
vertebrates 0 0 0 0 11 11 
ungrouped 0 0 0 14 0 14 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 70.0 .0 30.0 .0 100.0 
invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 7.0 .0 90.7 2.3 100.0 
vertebrates .0 .0 .0 .0 100.0 100.0 
ungrouped .0 .0 .0 100.0 .0 100.0 
 
 





















foliage 5 0 0 0 0 5 
hard mast 0 6 0 4 0 10 
invertebrates 0 0 21 0 0 21 
soft mast 0 4 0 38 1 43 
vertebrates 0 0 0 0 11 11 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 60.0 .0 40.0 .0 100.0 
invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 9.3 .0 88.4 2.3 100.0 
vertebrates .0 .0 .0 .0 100.0 100.0 
 
3.1.2.7 Two-Block Partial Least Squares Analysis 
 
After one fossil U. arctos and 13 U. spelaeus were added to the 2B-PLS versus latitude, altitude 
and climate (Figure 3-16), the PLS axes display similar trends as previously with only the extant 
specimens (Figure 3-6). For the extant specimens of both datasets PLS axes 1 and 2 of block 
one and block 2 have Pearson’s correlation coefficients (r) of 0.909, 0.906, 1.000 and 1.000 
respectively, all these correlations are highly significant (p=0.000). A K-S test indicates that the 
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the PLS scores are normally distributed for each species. Equal variances must be assumed for 
fossil and modern brown bears, because there is only one fossil specimen. The single fossil U. 
arctos is not significantly different from the modern U. arctos on the first two PLS axes of block 
1 and it can, therefore, be considered to belong to the same group for all further analyses.   
 
 
Figure 3-16: PLS axes 1 and 2 of the two-block partial least squares (2B-PLS) on the regression residuals of all bear 
species, after a regression analysis of the Procrustes coordinates onto LCS pooled per species, and latitude, 






Figure 3-17: PLS axes 1 and 2 of the two-block partial least squares on the regression residuals of all bear species, 
after a regression analysis of the Procrustes coordinates onto LCS pooled per species, and  the dietary variables 
indicated in Table 2-1. The single fossil U. arctos has a larger symbol filled with black. 
 
Including fossils, the overall strength of the association between the two blocks is given by the 
RV coefficient: 0.1332. A permutation test against the null hypothesis of independence gives 
p<0.0001, indicating that the two blocks are not independent. 
PLS1 explains 93.2% of the total covariance between the two blocks with a correlation of 
0.4232. MorphoJ 1.02h gives p<0.0001 and MorphoJ 1.04a gives p=0.0010. U. spelaeus has 
relatively high PLS1 scores, which are approaching those of A. melanoleuca and T. ornatus, but 
are most similar to those of the other members of the genus Ursus (Figure 3-16). PLS 1 is 






Figure 3-18: PLS axes 1 and 3 of the two-block partial least squares (2B-PLS) on the regression residuals of all bear 
species, after a regression analysis of the Procrustes coordinates onto LCS pooled per species, and  the dietary 
variables indicated in Table 2-1. The single fossil U. arctos has a larger symbol filled with black.  
 
PLS2 explains 6.8% of the total covariance between the two blocks with a correlation of 0.5299 
(p<0.0001 in both versions of MorphoJ). Of the group of species with relatively high PLS1 
scores T. ornatus has the highest PLS2 values, followed closely by A. melanoleuca (Figure 3-16). 
U. spelaeus has the lowest PLS2 scores of this group and is similar to the lower range of brown 
bears. PLS2 is mostly influenced by maximum precipitation.  
2B-PLS was also performed on the regression residuals of the regression onto LCS pooled per 
species versus the dietary variables listed in Table 2-1 on fossil and extant specimens together 




extant specimens (Figure 3-7 and Figure 3-8). The only difference is that percentage soft mast 
in the diet has a positive effect on PLS1 excluding fossils and a negative effect including fossils. 
For the extant specimens from both datasets the first three PLS axes have Pearson’s 
correlation coefficients (r) of 0.999, 0.998 and 0.996 for block 1, and 0.997, 0.999 and 0.995 for 
block 2 respectively. All these correlation coefficients are highly significant (p=0.000). A K-S 
test indicates that the distribution of PLS scores is normal for each species. The single fossil U. 
arctos is not significantly different from the modern U. arctos on any of the PLS axes and it can, 
therefore, be considered to belong to the same group for all further analyses. 
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.5435. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent. 
PLS1 explains 59.2% of the total covariance with a correlation of 0.9141 between the two 
blocks (p<0.0001 in both versions of MorphoJ). U. spelaeus has relatively high PLS1 scores, 
which are comparable to T. ornatus (Figure 3-17 and Figure 3-18). PLS1 is primarily associated 
with the amounts of foliage and invertebrates in the diet. U. spelaeus displays a mandibular 
morphology, which may be associated with much foliage in the diet.  
PLS2 explains 26.9% of the total covariance with a correlation between blocks of 0.7490 
(p<0.0001 in both versions). U. spelaeus has much higher PLS2 scores than T. ornatus and is 
more comparable to the other members of the genus Ursus. PLS2 is for the most part 
influenced by the percentage vertebrates in the diet. The position of U. spelaeus in this PLS 
graph (Figure 3-17) is relatively neutral for this feature. 
PLS3 explains 10.4% of the total covariance between the blocks with a correlation of 0.7843 
(p<0.0001 in both versions). U. spelaeus has PLS3 scores intermediate between A. melanoleuca 
and T. ornatus, which is comparable to the members of the genera Ursus, Helarctos and 
Melursus (Figure 3-18). PLS3 is mostly determined by the amount of soft mast in the diet. U. 




Figure 3-19 shows the similarities and differences in shape of the mandibles of U. spelaeus 
(turquoise), U. arctos (blue) and T. ornatus (brown). The main differences between U. spelaeus 
and U. arctos are that U. spelaeus has a higher coronoid process relative to the mandibular 
condyle, similar to T. ornatus. This increases the moment arm of the temporal muscle. U. 
spelaeus also has a deeper mandibular symphysis than U. arctos and a deeper and more 
curved mandibular corpus, indicating that the mandible of U. spelaeus is more resistant to 
bending and torsion forces than that of U. arctos. Compared to T. ornatus, U. spelaeus and U. 
arctos have relatively dorsally positioned masseteric fossae. 
 
 





3.1.3 Phylogeny Ursidae 
 
The phylogeny of Ursidae is not uncorrelated with the PC scores (p=0.008).  The phylogeny of 
extant Ursidae and U. spelaeus relative to PC1 and PC2 scores is shown in Figure 3-20. The 
evolutionary path taken by the lineage of U. spelaeus is characterised by a large decrease of 
PC1 scores, which is similar to A. melanoleuca and T. ornatus. U. spelaeus has very low PC2 
scores compared to T. ornatus and A.melanoleuca, in part because the reconstructed node 
between U. spelaeus on the one hand and U. arctos and U. maritimus on the other hand has a 
relatively low PC2 score compared to the reconstructed root of the tree.  The evolutionary 
pathway of U. maritimus is in opposite direction from and of approximately equal size of that 
of U. spelaeus, T. ornatus and A. melanoleuca. The shape changes through time as visualised in 
Figure 3-21 on PC3 and PC4 are mainly governed by the divergence of the relatively closely 
related H. malayanus and M. ursinus, and the earliest offshoots of the phylogenetic tree, A 





Figure 3-20: Phylogenetic overlay onto PC1 and PC2 of the principal components analysis on the regression 
residuals of all species after a regression analysis of the Procrustes coordinates onto LCS pooled per species. 
Mur=Melursus ursinus; Uma=Ursus maritimus; Hma=Helarctos malayanus; Uth=U. thibetanus; Tor=Tremarctos 




Figure 3-21: Phylogenetic overlay onto PC3 and PC4 of the principal components analysis on the regression 
residuals of all species after a regression analysis of the Procrustes coordinates onto LCS pooled per species. 
Mur=Melursus ursinus; Uma=Ursus maritimus; Hma=Helarctos malayanus; Uth=U. thibetanus; Tor=Tremarctos 





Figure 3-22: Phylogenetic overlay onto PLS1 and PLS2 of the 2B-PLS on the regression residuals of all species, after 
a regression analysis of the Procrustes coordinates onto LCS pooled per species, and latitude, altitude and the 
climatic variables. Mur=Melursus ursinus; Uma=Ursus maritimus; Hma=Helarctos malayanus; Uth=U. thibetanus; 
Tor=Tremarctos ornatus; Uar=U. arctos; Ame=Ailuropoda melanoleuca; Uam=U. americanus; Usp=U. spelaeus. 
 
The phylogeny of Ursidae is also not uncorrelated with the PLS scores of the 2B-PLS on 
latitude, altitude and climate (p=0.0006). Based on Figure 3-22 it is possible to say that U. 
spelaeus was adapted to living at relatively high altitudes, similar A. melanoleuca and T. 




Figure 3-23: Phylogenetic overlay onto PLS1 and PLS2 of the 2B-PLS on the regression residuals of all species, after 
a regression analysis of the Procrustes coordinates onto LCS pooled per species, and the dietary variables. 
Mur=Melursus ursinus; Uma=Ursus maritimus; Hma=Helarctos malayanus; Uth=U. thibetanus; Tor=Tremarctos 
ornatus; Uar=U. arctos; Ame=Ailuropoda melanoleuca; Uam=U. americanus; Usp=U. spelaeus. 
 
PLS scores of the 2B-PLS on dietary variables are not uncorrelated with the phylogeny of 
Ursidae either (p=0.0005). Figure 3-23 and Figure 3-24 show how species have adapted to 
varying diets over time. U. spelaeus and A. melanoleuca display parallel evolution on PLS axes 
1 and 2 and the different morphologies of these species are mainly due to different ancestry.  
PLS3 shows that U. spelaeus does have a slightly different evolutionary pathway from A. 
melanoleuca. U. arctos and U. americanus display convergent evolution, which can be seen on 





Figure 3-24: Phylogenetic overlay onto PLS1 and PLS3 of the 2B-PLS on the regression residuals of all species, after 
a regression analysis of the Procrustes coordinates onto LCS pooled per species, and the dietary variables. 
Mur=Melursus ursinus; Uma=Ursus maritimus; Hma=Helarctos malayanus; Uth=U. thibetanus; Tor=Tremarctos 
ornatus; Uar=U. arctos; Ame=Ailuropoda melanoleuca; Uam=U. americanus; Usp=U. spelaeus. 
 
3.1.4 Methodological discussions 
 
The results produced by 2B-PLS are much easier to interpret than the results produced by PCA, 
although the two types of analyses produce similar results. PCA only provides information 
about the morphology of the specimens and it is rather difficult to reconstruct, using ANCOVA 
regression and GLM, which underlying factors are responsible for the morphological variation. 
2B-PLS on the other hand provides information on the morphological variation particularly 
associated with certain independent variables, such as climate or diet. This makes it much 
easier to identify potential underlying factors. 2B-PLS and PCA each have their own benefits. 
PCA provides good information on the absolute variability in morphology and patterns therein. 
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2B-PLS on the other hand gives insight into the covariation of the underlying factors with the 
morphological variability. In the remainder of this dissertation both methods will be used, each 
with their own purpose. And most statistical analyses performed on the PCA results above will 
be replaced by 2B-PLS analyses. Additionally, moisture index will no longer be included in the 
analyses, because its influence is negligible.  
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Chapter 4 Results Masseter Mandibular Morphology 
 
4.1 Mandibulae of Ursidae 
 
One hundred and ninety five (195) specimens were digitised with seven landmarks related to 
masseteric muscle function (indicated with M in Table 2-3) and were analysed; frequencies per 
species are displayed in Table 4-1. One hundred (100) extant Ursidae specimens were analysed 
first and 95 fossil specimens were added later. Subsequently, 68 extant specimens of the 
genus Ursus were analysed and 95 fossil specimens were added to the dataset afterwards.  
 





 Species Age Fre-
quen-
cy 
Ailuropoda melanoleuca Holocene 5  Ursus arctos Holocene 35 
Helarctos malayanus Holocene 5  Ursus arctos Pleistocene 4 
Melursus ursinus Holocene 15  Ursus deningeri Pleistocene 2 
Tremarctos ornatus Holocene 7  Ursus maritimus Holocene 13 
Ursus americanus Holocene 10  Ursus spelaeus Pleistocene 89 
    Ursus thibetanus Holocene 10 
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4.1.1 Extant Ursidae 
 
4.1.1.1 Procrustes Superimposition 
 
Seven landmarks in three dimensions of 100 extant bear specimens were subjected to 
Procrustes superimposition. The Procrustes sum of squares is 0.8126 and the tangent sum of 
squares is 0.7988.  
 
4.1.1.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS pooled per species 
is shown in Figure 4-1. The total sum of squares is 0.2104, of which 0.0196 (9.3322%) is 
predicted and 0.1908 is residual. A permutation test against independence gives p <0.0001. 
The 95% confidence intervals of the slopes of individual regression analyses per species 
generally overlap, but there are a few exceptions (Appendix B: Table B-24 to Table B-31). Out 
of 21 Procrustes coordinates eight slopes do not have an overlap for all species, of which four 
are caused by U. arctos, three by M. ursinus and one by T. ornatus. Although it is possible that 
these slopes really differ, it seems more likely that these results are caused by coincidence, as 
it only applies to eight out of 21 Procrustes coordinates. The regression residuals of the 





Figure 4-1: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of all extant Ursidae onto the natural logarithm of centroid size (LCS) of the 
mandibulae pooled per species plotted against LCS.  
 
4.1.1.3 Principal Components Analysis 
 
PCA is performed on the regression residuals of the regression onto LCS pooled per species. 
Based on the results of a scree plot, only the first three PCs are considered.  
PC1 explains 40.7% of the total variance. PC1 separates groups of bear species (Figure 4-2 and 
Figure 4-3). H. malayanus has the lowest PC1 scores. M. ursinus and U. maritimus have slightly 
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higher PC1 scores.  U. arctos, U. americanus and U. thibetanus have intermediate PC1 values.  
A. melanoleuca and T. ornatus have relatively high PC1 scores. 
PC2 explains 21.6% of the total variance, which is 62.3% cumulatively together with PC1. PC 2 
separates A. melanoleuca from T. ornatus, with A. melanoleuca having much higher scores 
(Figure 4-2). PC2 also distinguishes between H. malayanus and M. ursinus, with M. ursinus 
having slightly lower scores. There are no clear differences observable between members of 
the genus Ursus, which all have intermediate PC2 scores. 
 
 
Figure 4-2: PCs 1 and 2 of the PCA on the regression residuals of the extant species after a regression analysis of 
the Procrustes coordinates onto LCS pooled per species. The colours indicate the most important food item. 
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PC3 explains 16.0% of the total variance, which accumulates to 78.3% together with PCs 1 and 
2. PC3 creates some separation between U. arctos and U. maritimus with low PC3 scores, and 
U. americanus and U. thibetanus with higher PC3 scores. 
 
 
Figure 4-3: PCs 1 and 3 of the PCA on the regression residuals of the extant species after a regression analysis of 
the Procrustes coordinates onto LCS pooled per species.  
 
4.1.1.4 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares (2B-PLS) was performed on the regression residuals of the 
regression onto LCS pooled per species and latitude, altitude and the climatic variables listed in 
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Table 2-1. To simplify the analysis, moisture index is no longer included, because its influence 
has proven to be negligible in the previous analyses (see p. 143 in this volume). Based on a 
scree plot and the criterion of high significance only the first two PLS axes were considered.  
 
 
Figure 4-4: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant species, after a regression 
analysis of the Procrustes coordinates onto LCS pooled per species, and latitude, altitude and the climatic 





Figure 4-5: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant species, after a regression 
analysis of the Procrustes coordinates onto LCS pooled per species, and the dietary variables listed in Table 2-1. 
 
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.1917. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent. 
PLS1 explains 98.0% of the total covariance with a correlation of 0.4906 between the two 
blocks (p<0.0001). H. malayanus has relatively high PLS1 scores followed by M. ursinus and U. 
maritimus (Figure 4-4). PLS1 differentiates A. melanoleuca and T. ornatus from the other bear 
species in block 1, because they have relatively low PLS1 scores. The other bear species are 







Figure 4-6: PLS axes 1 and 3 of the 2B-PLS on the regression residuals of the extant species, after a regression 
analysis of the Procrustes coordinates onto LCS pooled per species, and the dietary variables in Table 2-1.  
 
PLS2 explains 2.0% of the total covariance with a correlation between blocks of 0.5462 
(p=0.0005). PLS2 makes a distinction between T. ornatus, H. malayanus and the other bear 
species, as the latter have relatively low PLS2 scores (Figure 4-4). In block 2 PLS2 is mostly 
associated with maximum precipitation.  
Two-block partial least squares (2B-PLS) was also performed on the regression residuals of the 
regression onto LCS pooled per species and the dietary variables listed in Table 2-1. Based on 







The overall strength of the association between the two blocks is given by the RV coefficient: 
0.4503. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent. 
PLS1 explains 73.0% of the total covariance with a correlation of 0.8943 between the two 
blocks (p<0.0001). And PLS2 explains 21.2% of the total covariance with a correlation between 
blocks of 0.6265 (p<0.0001). In block 1 PLS axes 1 and 2 work together to separate the species 
(Figure 4-5). From the left upper corner of the graph to the right lower corner of the graph 
three groups can be distinguished. The left group is H. malayanus and M. ursinus, the right 
group only consists of A. melanoleuca and all other species are intermediate. From the upper 
right corner to the lower left corner different groups can also be distinguished. The upper 
group consists only of T. ornatus. The lower group comprises H. malayanus and U. maritmus. 
U. arctos, U. americanus and U. thibetanus are intermediate.  From block 2, it becomes clear 
that the former group division covaries with the amounts of invertebrates and foliage in the 
diet, whereas the latter group division covaries with the amounts of soft mast and vertebrates.  
PLS3 explains 5.3% of the total covariance between the blocks with a correlation of 0.6526 
(p<0.0001). H. malayanus and A. melanoleuca have high PLS3 scores, whereas T. ornatus has 
low PLS3 scores (Figure 4-6). The other bear species are intermediate. In block 2, PLS3 is mostly 
associated with the relative amount of soft mast in the diet. This shows that the morphology of 




Figure 4-7 displays the average shape for the same groups as the analyses in section 3.1.1.6, 
which approximately corresponds with the the positions in shape space on PC1 (Figure 4-2 and 
 154 
Figure 4-3). Although there are interspecific differences within each group, these are treated 
below and focus is first on how the groups differ from each other. 
 
 
Figure 4-7: Average shape of the mandibles. Blue: Ailuropoda melanoleuca and Tremarctos ornatus (high PC1 
scores; most important food item: foliage or soft mast); brown: members of the genus Ursus (intermediate PC1 
scores; most important food item: vertebrates, soft or hard mast); pink: Helarctos malayanus and Melursus 
ursinus (low PC1 scores; most important food item: invertebrates). The line links the most rostral point on the 
mandible  with the alveoli of the canine, carnassial and third molar, and the triangle links the masseteric fossa, 
angular process and the condyle. 
 
For A. melanoleuca and T. ornatus (blue) the alveoli of the teeth are set on a relatively straight 
line, only rising in the most caudal part. The carnassial is relatively far rostrally, whereas the 
caudal end of the tooth row is positioned relatively caudally, causing the grinding basin of the 
tooth row to be relatively long. The genus Ursus (brown) has relatively ventrally positioned 
alveoli for the incisors and the carnassials, whereas the alveoli for the canines and M3s are 
relatively dorsally. The canines and carnassials are relatively distant from each other creating 
much space for the piercing and crushing part of the dentition. For H. malayanus and M. 
ursinus (pink) the alveoli form a curved line, of which the canine is the most ventral and the M3 
the most dorsal point. There is relatively much space between the incisors and the canines, 
possibly to provide space for the tongue. There is relatively little room between the carnassial 
and the caudal end of the tooth row limiting the length of the grinding basin. The deep 
masseter is very strong compared to the superficial masseter for both H. malayanus and M. 
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ursinus, due to a relatively long in-lever arm, and thus moment arm, of the deep compared to 
the superficial masseter. For A. melanoleuca and T. ornatus the deep and superficial masseter 
have almost equal in-lever arms, mostly because the masseteric fossa is located relatively 
caudally and ventrally. This is an indication of rather little strength in the jaw when the jaw is 
fully opened and the gape is wide, but a more effective masseter muscle when the jaw is more 
closed compared to the other species. Members of the genus Ursus are intermediate between 
these two, but resemble H. malayanus and M. ursinus most.  
 
 
Figure 4-8: Average shapes of the mandibles of the species with high PC1 scores. Purple: Ailuropoda melanoleuca; 
yellow: Tremarctos ornatus. The line links the most rostral point on the mandible  with the alveoli of the canine, 
carnassial and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
 
For A. melanoleuca (purple) the alveoli of the teeth are set on a concave curve (Figure 4-8). 
The alveoli of T. ornatus (yellow) are set on a much straighter line, though still concave. The 
position of the alveoli of the incisors is the exception in that it is located more ventrally than 
the rest of the curve would suggest. A. melanoleuca has a much longer tooth row than T. 
ornatus, which is most pronounced distally of the carnassial, resulting in a relatively large 
grinding basin. The masseteric fossa of A. melanoleuca is located much more rostrally than 
that of T. ornatus, both relative to the tooth row and the fulcrum, most likely due to the 
premassteric fossa of T. ornatus. This results in a relatively stronger deep masseter. The 
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angular process of the mandible is located more ventrally in A. melanoleuca than in T. ornatus, 
and the fulcrum is located more dorsally. This increases the distance between the attachment 
area of the superficial masseter and the fulcrum, giving this muscle more leverage in A. 
melanoleuca. The differences between A. melanoleuca and T. ornatus are very pronounced. 
This is due to the size difference between these two species. A. melanoleuca is one of the 
larger bears, whereas T. ornatus is one of the smaller ones. The allometric correction, removed 
a large part of the shape variation due to this size difference. Subsequent analyses have 
indicates that, if it was not for size, the two species would have had very similar morphologies. 
Figure 4-8 is, however, based on the original Procrustes coordinates and shows true shape. 
 
 
Figure 4-9: Average shapes of the mandibles of the species with intermediate PC1 scores. Pink: Ursus americanus; 
blue: U. thibetanus; orange: U. maritimus; green: U. arctos. The line links the most rostral point on the mandible  
with the alveoli of the canine, carnassial and third molar, and the triangle links the masseteric fossa, angular 
process and the condyle. 
 
U. arctos (green), U. americanus (pink) and U. thibetanus (blue) have very similar 
morphologies. U. americanus, however, has a slightly longer tooth row than the other two, 
which is for a large part caused by the presence of a relatively long grinding basin. U. 
maritimus (orange) is very different from the other three members of the genus Ursus. The 
tooth row of U. maritimus is particularly straight, and relatively short. It has a very short 
grinding basin, but there is relatively much space for the slicing part of the dentition and the 
diastema. The masseteric fossa is located very rostrally and the condyle relatively 
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caudoventrally. Assuming the origin of the masseter is in approximately the same position for 
all members of the genus Ursus, this causes the in-lever arm, and thus the moment arm, of the 
deep masseter to be very long. The in-lever and moment arms of the superficial masseter are 
rather short, based on the short distance between the condyle and the angular process. U. 
maritimus, thus, has a more effective deep masseter than the other three species. 
 
 
Figure 4-10: Average shapes of the mandibles of the species with low PC1 scores. Purple: Melursus ursinus; green: 
Helarctos malayanus. The line links the most rostral point on the mandible  with the alveoli of the canine, 
carnassial and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
 
M. ursinus and H. malayanus both have a relatively strong deep masseter compared to the 
superficial masseter, as the in-lever and moment arm of the deep masseter is relatively long 
compared to those of the superficial masseter. There are, however, some differences between 
the two insectivorous species. M. ursinus (purple) has a relatively shorter tooth row than H. 
malayanus (green). The piercing and crushing part of the dentition, however, is relatively 
enlarged, whereas the grinding basin is relatively small. The masseteric fossa of H. malayanus 
and its angular process are both located relatively ventrally in relation to the condyle, which is 
the fulcrum, and the tooth row. Additionally, the masseteric fossa is also located relatively 
rostrally. These features give both the deep and the superficial masseter of H. malayanus 
relatively longer in-lever arms and consequently, moment arms, than M. ursinus. 
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The shape changes associated with PC1 and PLS1 of both analyses are the same. They are 
mainly based on the position of the masseteric fossa. High PC1 and PLS1 scores indicate that 
the masseteric fossa is located relatively caudoventrally relative to the condyle. This makes the 
in-lever and moment arm of the deep masseter shorter and changes the most effective jaw 
position for the masseter to be more closed, and low PC1 and PLS1 scores indicate the reverse. 
Additionally, high PC1 and PLS1 scores are associated with a relatively dorsorostrally located 
condyle and ventrorostrally located angular process, making the in-lever and moment arms of 
the superficial masseter longer. 
The shape changes associated with PC2 are very similar to those associated with PLS3 of the 
analysis on diet. PC2 and PLS3 scores are predominantly influenced by differences at the 
caudal end of the mandible. Morphological features associated with high PC2 and PLS3 scores 
are a relatively rostroventrally located angular process, a rostrally located masseteric fossa and 
a rostrodorsally located condyle, increasing the in-lever and moment arms of the deep and 
superficial masseter. The position of the distal dental elements is also important on PLS3, but 
no more than the other features. In addition to this, there are some features that only have an 
effect on PLS3. High PLS3 scores indicate a relatively rostrocaudal position of the incisors and 
relatively caudoventral positions of the canine and the carnassial. 
The shape changes associated with PC3 are mainly based on the position of the masseteric 
fossa. High PC3 scores mean that the masseteric fossa is located ventrally relative to the distal 
dental elements and the condyle, which increases the in-lever and moment arms of the deep 
masseter and makes the masseter more effective at a more closed gape angle.  
The second axis of the 2B-PLS on latitude, altitude and climate shows that most morphological 
changes associated with maximum precipitation are caused by changes in the position of the 
distal dental elements and the masseteric fossa. Specimens with high PLS2 scores have 
relatively rostrally located dental elements, giving the resistance force of the food particles a 
larger in-lever arm, and consequently moment arm, and a ventrally located masseteric fossa, 
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which decreases the ‘ideal’ gape angle. Additionally, the canine is situated rather caudally, as 
well as the angular process, and the condyle is in a relatively dorsal position, which also 
decreases the ‘ideal’ gape angle.  
The second axis of the 2B-PLS on diet is mainly determined by a rostral position of the dental 
elements for high PLS2 scores, increasing the in-lever and moment arms of the resistance. 
Additionally, the incisors are located rather dorsally, the masseteric fossa takes a ventrocaudal 
position and the angular process moves more caudodorsal, which decreases the angle at which 
the moment arm of the masseter is longest. Also, the canine is relatively caudal and the 
carnassials more rostroventral for high PLS2 scores. The exact opposite is the case for 
specimens with low PLS2 scores.  
 
4.1.2 Extant and Fossil Ursidae 
 
4.1.2.1 Procrustes Superimposition 
 
Four fossil U. arctos, 89 U. spelaeus and two U. deningeri were added to the Procrustes 
superimposition, resulting in a total of 195 extant and fossil bear mandibles in the dataset. The 
Procrustes sum of squares is 1.1343 and the tangent sum of squares is 1.1185.  
 
4.1.2.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all bear mandibles together is shown in Figure 4-11. The 
total sum of squares is 0.4064, of which 0.0318 (7.8342%) is predicted and 0.3746 is residual. A 
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permutation test against independence gives p<0.0001, indicating that shape is not 
independent of size.  
 
 
Figure 4-11: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of fossil and extant Ursidae onto the natural logarithm of centroid size (LCS) of the 
mandibulae pooled per species plotted against LCS. Fossil U. arctos and U. deningeri have larger filled symbols.  
The test for common slopes shows that U. deningeri has differing slopes from at least one of 
the other species on every Procrustes coordinate (Appendix B: Table B-32 to Table B-52). This 
is due to the fact that there are only two U. deningeri specimens available, which provide no 
confidence interval for the slope. Additionally, M. ursinus causes disagreement on Procrustes 
coordinates 5 and 15, T. ornatus on Procrustes coordinates 6 and 9, and U. americanus on 
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Procrustes coordinate 11. On Procrustes coordinate 2, U. maritimus and U. arctos have 
significantly different slopes. 
The regression residuals of the regressions with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other. Five Pearson’s correlation 
coefficients (r) are 1.000. All others do not drop below 0.991, apart from three, which still do 
not drop below 0.963. All correlations are highly significant (p=0.000). 
 
4.1.2.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the regression onto LCS pooled per species 
for the extant and fossil specimens together. Pearson’s correlation coefficient (r) for the extant 
specimens of both datasets (with and without fossils) is -0.930 for PC1 and highly significant 
(p=0.000). PCs 2 and 3 have an r of 0.354 and -0.390 respectively, which are also highly 
significant (p=0.000). The cause of the low correlations is that relatively many fossils have been 
added to the analysis, mainly of the cave bear group; the sample size is approximately doubled 
compared to the analyses with only extants. So, variation within the cave bear group now 
determines for a large part the principal components. Based on these results only PC1 has a 
high enough r to interpret the fossils similarly to the extants. A K-S test and Levene’s test 
indicate that the data for U. spelaeus, U. deningeri, and fossil and modern U. arctos are 
normally distributed and the variances are homogeneous on the relevant PCs. The fossil U. 
arctos are highly significantly different from the extant U. arctos on PC 1 (t(37)=4.095, 
p=0.000), but not the other two PCs, based on t-tests and fossil U. arctos should be considered 
separately from extant U. arctos. The two U. deningeri are not significantly different from 
U.spelaeus on the first three PCs based on t-tests (df=89), so U. deningeri and U. spelaeus 
cannot be distinguished based on this PCA. 
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Including fossils, PC1 explains 47.9% of the total variance. The cave bear group and fossil U. 
arctos both have lower PC1 scores than modern U. arctos and are more comparable to A. 
melanoleuca (Figure 4-12), the cave bear group more so, than the fossil brown bears. 
 
 
Figure 4-12: PCs 1 and 2 of the PCA on the regression residuals of all bear species after a regression analysis of the 
Procrustes coordinates onto LCS pooled per species.  
 
4.1.2.4 Kruskal-Wallis and Discriminant Function Analysis 
 
A K-S test indicates that each category of most important food item has a normal distribution 
of data. A Levene’s test for homogeneity of variances indicates that the variances on PC1 are 
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not homogeneous for the most important food item in the diet. This is most likely due to the 
fact that the dietary categories do not consist of the same number of species. To give an 
approximation of the most important food item in the diet of U. spelaeus, U. deningeri and 
fossil U. arctos a Kruskal-Wallis test, instead of ANOVA, was conducted with PC1 as 
independent variable and most important food item as fixed factor. The most important food 
item has a highly significant effect on PC1 (χ2(7)=164.073, p=0.000). A post-hoc Tamhane test 
was performed to determine where the significant differences lie. None of the fossil species is 
significantly different from bears that eat mostly foliage, whereas all modern dietary 
categories are highly significantly different to the latter. None of the fossil species is 
significantly different from one another. Additionally, fossil U. arctos and U. deningeri are not 
significantly different from bears that have soft mast as most important food item in their diet. 
U. spelaeus on the other hand is only not significantly different to bears that live off foliage. 
Bears that eat hard mast and vertebrates are not significantly different from each other. Bears 
that primarily eat invertebrates are highly significantly different from all other dietary 
categories.  
As there is no non-parametric alternative to stepwise DFA, this procedure was performed with 
caution. Stepwise DFA was performed using five a priori groups based on the most important 
food item in the diet of the extant bears: foliage, hard mast, invertebrates, soft mast and 
vertebrates (Table 4-2 to Table 4-4). Only the first PC was used as independent variable. This 
yields one canonical discriminant function that accounts for 100% of the variance. This 
function separates the five groups highly significantly (Λ=0.215, χ2(4)=147.453, p=0.000). If all 
groups have equal prior probabilities 71.0% of both original grouped specimens and cross-
validated grouped specimens are correctly classified. When prior probabilities are calculated 
from group size 82.0% of the original grouped specimens and 79.0% of the cross-validated 
grouped specimens are correctly classified. Based on these cross-validation results, only the 
analyses using prior probabilities calculated from group size were interpreted. 
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Table 4-2: Classification results of the discriminant function analysis on the first PC to predict most important 














Original Count foliage 5 0 0 0 0 5 
hard mast 0 4 0 2 4 10 
invertebrates 0 0 15 0 5 20 
soft mast 3 9 0 37 3 52 
vertebrates 0 3 0 0 10 13 






foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 40.0 .0 20.0 40.0 100.0 
invertebrates .0 .0 75.0 .0 25.0 100.0 
soft mast 5.8 17.3 .0 71.2 5.8 100.0 
vertebrates .0 23.1 .0 .0 76.9 100.0 
ungrouped 96.8 .0 .0 3.2 .0 100.0 
 
 




















foliage 5 0 0 0 0 5 
hard mast 0 4 0 2 4 10 
invertebrates 0 0 15 0 5 20 
soft mast 3 9 0 37 3 52 
vertebrates 0 3 0 0 10 13 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 40.0 .0 20.0 40.0 100.0 
invertebrates .0 .0 75.0 .0 25.0 100.0 
soft mast 5.8 17.3 .0 71.2 5.8 100.0 








Table 4-3: Classification results of the discriminant function analysis on the first PC to predict most important 













Original Count foliage 5 0 0 0 0 5 
hard mast 0 4 0 2 4 10 
invertebrates 0 0 15 0 5 20 
soft mast 3 9 0 37 3 52 
vertebrates 0 3 0 0 10 13 
ungrouped 2 0 0 2 0 4 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 40.0 .0 20.0 40.0 100.0 
invertebrates .0 .0 75.0 .0 25.0 100.0 
soft mast 5.8 17.3 .0 71.2 5.8 100.0 
vertebrates .0 23.1 .0 .0 76.9 100.0 





Table 4-4: Classification results of the discriminant function analysis on the first PC to predict most important 













Original Count foliage 5 0 0 0 0 5 
hard mast 0 4 0 2 4 10 
invertebrates 0 0 15 0 5 20 
soft mast 3 9 0 37 3 52 
vertebrates 0 3 0 0 10 13 
ungrouped 88 0 0 1 0 89 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 40.0 .0 20.0 40.0 100.0 
invertebrates .0 .0 75.0 .0 25.0 100.0 
soft mast 5.8 17.3 .0 71.2 5.8 100.0 
vertebrates .0 23.1 .0 .0 76.9 100.0 





Table 4-5: Classification results of the discriminant function analysis on the first PC to predict most important 














Original Count foliage 5 0 0 0 0 5 
hard mast 0 0 0 5 5 10 
invertebrates 0 0 18 0 2 20 
soft mast 0 0 0 49 3 52 
vertebrates 0 0 1 2 10 13 
ungrouped 79 0 0 16 0 95 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast 0 .0 .0 50.0 50.0 100.0 
invertebrates .0 .0 90.0 .0 10.0 100.0 
soft mast .0 .0 .0 94.2 5.8 100.0 
vertebrates .0 .0 7.7 15.4 76.9 100.0 
ungrouped 83.2 .0 .0 16.8 .0 100.0 
 
 





















foliage 5 0 0 0 0 5 
hard mast 0 0 0 5 5 10 
invertebrates 0 0 17 0 3 20 
soft mast 0 0 0 48 4 52 
vertebrates 0 0 2 2 9 13 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 .0 .0 50.0 50.0 100.0 
invertebrates .0 .0 85.0 .0 15.0 100.0 
soft mast .0 .0 .0 92.3 7.7 100.0 
vertebrates .0 .0 15.4 15.4 69.2 100.0 
  
If the prior probabilities are calculated from group size, of all fossil bears sixteen are classified 
with animals that eat mostly soft mast and 79 (83.2%) are classified with bears that eat mostly 
foliage (Table 4-5). To be able to determine which fossil bears are classified with foliage and 
soft mast eating animals the analysis was repeated per species. The results for U. arctos are 
given in Table 4-6. Three U. arctos are classified with soft mast eating bears and only one is 
classified with bears that eat mostly foliage. The result for U. spelaeus is given in Table 4-7. 
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Most U. spelaeus (85.4%) are classified with bears that eat mostly foliage, but 13 (14.6%) U. 
spelaeus are classified with bears that have soft mast as most important food item. 
 
Table 4-6: Classification results of the discriminant function analysis on the first PC to predict most important 













Original Count foliage 5 0 0 0 0 5 
hard mast 0 0 0 5 5 10 
invertebrates 0 0 18 0 2 20 
soft mast 0 0 0 49 3 52 
vertebrates 0 0 1 2 10 13 
ungrouped 1 0 0 3 0 4 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 .0 .0 50.0 50.0 100.0 
invertebrates .0 .0 90.0 .0 10.0 100.0 
soft mast .0 .0 .0 94.2 5.8 100.0 
vertebrates .0 .0 7.7 15.4 76.9 100.0 
ungrouped 25.0 .0 .0 75.0 .0 100.0 
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Table 4-7: Classification results of the discriminant function analysis on the first PC to predict most important 













Original Count foliage 5 0 0 0 0 5 
hard mast 0 0 0 5 5 10 
invertebrates 0 0 18 0 2 20 
soft mast 0 0 0 49 3 52 
vertebrates 0 0 1 2 10 13 
ungrouped 76 0 0 13 0 89 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 .0 .0 50.0 50.0 100.0 
invertebrates .0 .0 90.0 .0 10.0 100.0 
soft mast .0 .0 .0 94.2 5.8 100.0 
vertebrates .0 .0 7.7 15.4 76.9 100.0 






4.1.2.5 Two-Block Partial Least Squares Analysis 
 
After four fossil U. arctos, two U. deningeri and 89 U. spelaeus were added to the extant 
dataset for the 2B-PLS on latitude, altitude and climate in block 2 and Procrustes coordinates 
in block 1, the PLS axes display similar trends to previously with only the extant specimens 
(Figure 4-4). For the extant specimens of both datasets PLS axes 1 and 2 of block 1 and block 2 
have Pearson’s correlation coefficients (r) of -0.999, 0.976, -0.963 and 0.926, all four 
correlations are highly significant (p=0.000). A Levene’s test for equality of variances indicates 
that equal variances may be assumed on both PLS axes for fossil and extant brown bears and a 
K-S test indicates the data is normally distributed for each fossil and extant species.  The four 
fossil U. arctos are highly significantly different from the modern U. arctos on PLS1 (t(37)=-
2.973, p=0.005) and PLS2 (t(37)=3.815, p=0.001), which means that they should be treated as 
separate groups for further analyses. A Levene’s test indicates that equal variances may be 
assumed for Middle Pleistocene and classic cave bears. The two U. deningeri are not 
significantly different from U. spelaeus on PLS 1 and PLS2 (df=89), which means that U. 
deningeri cannot be distinguished from U. spelaeus based on this two-block partial least 
squares analysis.  
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.0790. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two groups are not independent.  
PLS1 explains 83.3% of the total covariance with a correlation of 0.3245 between the two 
blocks (p=0.0004). U. spelaeus and U. deningeri have PLS1 scores comparable to T. ornatus, but 
lower than those of A. melanoleuca (Figure 4-13). Fossil U. arctos has PLS1 scores slightly lower 
than those of U.spelaeus and U. deningeri and overlaps more with modern U. arctos. PLS1 is 
mostly determined by altitude. 
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PLS2 explains 16.6% of the total covariance with a correlation of 0.3861 (p<0.0001). U. 
spelaeus, U. deningeri and U. arctos have slightly lower PLS2 scores than the other members of 
the genus Ursus. They do, however, overlap with modern U. arctos.  PLS2 is mostly determined 
by maximum precipitation.  
 
  
Figure 4-13: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of all extant and fossil bear species, after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species, and the latitude, altitude and the 
climatic variables listed in Table 2-1. Fossil U. arctos and U. deningeri have larger black symbols. 
 
A second 2B-PLS was performed on the regression residuals of the regression of fossil and 
extant specimens combined onto LCS pooled per species in block 1 and the dietary variables 
listed in Table 2-1 in block 2. The PLS axes display somewhat different trends to previously with 




position on PLS2 with and without fossils in the analysis. Also, the position of T. ornatus has 
changed from being relatively low on PLS3, to intermediate. A lot of this is due to a change in 
the weighting of the amount of invertebrates in the diet on the PLS axes, but changes in the 
weighting of soft mast, hard mast and roots have also occurred. For the extant specimens from 
both datasets the first three PLS axes have Pearson’s correlation coefficients (r) of 0.975, -
0.752 and 0.503 for block 1 and 0.717, -0.722 and -0.271 for block 2 respectively. These 
correlation coefficients are not significant, however. As a consequence, it is not possible to 




U. spelaeus (dark pink) is very similar to extant U. arctos (yellow) in many respects (Figure 
4-14). The relative position of the dental elements is almost the same, as well as the 
masseteric fossa. The caudal end of the mandible is somewhat different from U. arctos though, 
and U. spelaeus displays a position of the condyle and the angular process intermediate 
between U. arctos and A. melanoleuca (green). This is an indication of longer in-lever and 
moment arms of the superficial masseter, resulting in more muscle efficiency relative to 
modern U. arctos. 
Fossil U. arctos (yellow) is very similar to its present day conspecifics (purple in Figure 4-15). 
The rostral dental elements and the condyle occupy the same relative position. The mid 
section of the mandible shows differences between the fossil and the modern members of this 
species. The position of the angular process of the fossils is shifted somewhat towards the 
position of A. melanoleuca (green) in respect to modern U. arctos, indicating a more effective 
superficial masseter due to longer in-lever and moment arms. The most distal point on the 
alveolus of the M3 is also located more distally in fossils than in modern brown bears, again a 
shift towards A. melanoleuca and an indication of a longer grinding basin. The position of the 
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masseteric fossa is slightly more dorsal in fossil than in extant U. arctos, making the in-lever 
and moment arm equal length at a larger gape angle relative to modern U. arctos. 
 
 
Figure 4-14: Average shapes of the mandibles of three species. Green: Ailuropoda melanoleuca; yellow: extant U. 
arctos; dark pink: U. spelaeus. The line links the most rostral point on the mandible  with the alveoli of the 
canine, carnassial and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
 
 
Figure 4-15: Average shapes of the mandibles of three groups. Green: Ailuropoda melanoleuca; purple: extant U. 
arctos; yellow: fossil U. arctos. The line links the most rostral point on the mandible  with the alveoli of the 
canine, carnassial and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
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Figure 4-16: Average shapes of the mandibles of three species. Green: Ailuropoda melanoleuca; orange: extant U. 
arctos; purple: U. deningeri. The line links the most rostral point on the mandible with the alveoli of the canine, 
carnassial and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
 
The morphology of the mandible of U. deningeri (purple) is more similar to extant U. arctos 
(yellow) than to A. melanoleuca (green in Figure 4-16). Its incisors are placed slightly more 
ventral and the canines slightly more dorsal than those of U. arctos, giving the rostral end of 
the mandible a convex curve. The position of the angular process and the condyle is 
intermediate between U. arctos and A. melanoleuca, making the superficial masseter more 
effective due to a longer in-lever and, therefore, moment arm. 
 
 
Figure 4-17: Average shapes of the mandibles of the three fossil species. pink: U. spelaeus; light blue: fossil U. 
arctos; green: U. deningeri. The line links the most rostral point on the mandible with the alveoli of the canine, 
carnassial and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
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The three fossil species are very similar to each other (Figure 4-17). Fossil U. arctos (light blue) 
is different from the other two species in the caudal half of the mandible. Relatively speaking, 
it has the largest grinding basin in its dentition. Its masseteric fossa is positioned rather 
dorsally and its condyle rather ventrally compared to the other landmarks, giving it the 
shortest in-lever and, thus, moment arm for the superficial masseter of the three fossil species. 
U. spelaeus (pink) has the most rostrally positioned masseteric fossa, but is, other than that, 
very similar to U. deningeri (green). U. spelaeus, thus, has the most effective deep masseter 
muscle, due to longer in-lever and moment arms. 
 
4.1.3 Extant Ursidae and a Subset of Fossil Ursidae 
  
To be able to interpret the fossil bears on higher order PCs as well as the PLS scores of the 2B-
PLS on diet, the large group of U. spelaeus was replaced with a random subset, so that they 
have less influence on the principal components and PLS axes. The mean sample size per 
species for the extant bears is 12.5, so a random subsample of twelve U. spelaeus was used 
instead of the full sample. Of course, the two U. deningeri, four fossil U. arctos and 100 extant 
specimens are also still part of the dataset. 
 
4.1.3.1 Procrustes Superimposition 
 
The new dataset was subjected to Procrustes superimposition. Deviation from the concensus 




4.1.3.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS of the dataset with 
merely a subset of U. spelaeus is shown in Figure 4-18. The total sum of squares is 0.2419, of 
which 0.0169 (6.9826%) is predicted and 0.2250 is residual. A permutation test against 
independence gives p<0.0001.   
 
 
Figure 4-18:  Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of all extant bears, fossil U. arctos, U. deningeri and a random subset of twelve U. 
spelaeus onto the natural logarithm of centroid size (LCS) of the mandibulae pooled per species plotted against 
LCS. Fossil U. arctos and U. deningeri have larger symbols and are filled with black.  
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The test for common slopes gives similar results to when all U.spelaeus were included in the 
analysis. U. deningeri has differing slopes from at least one of the other species on every 
Procrustes coordinate except for Procrustes coordinates 6 and 19 (Appendix B: Table B-53 to 
Table B-72). This is caused by there only being two U. deningeri and, therefore, the absence of 
a 95% confidence interval.  Additionally, M. ursinus causes disagreement in slope on 
Procrustes coordinates 5 and 15. T. ornatus has a different slope from other species on 
Procrustes coordinate 6, like in the analysis with all U. spelaeus, but not on Procrustes 
coordinate 9. On Procrustes coordinate 11, U. americanus has a deviating slope from the rest, 
similar to the previous analysis, and U. arctos and U. spelaeus differ from each other in slope 
on Procrustes coordinate 17. Apart from U. deningeri, only six slopes do not have overlapping 
95% confidence intervals, which means that the following analyses can be performed on the 
regression residuals of the pooled regression analysis. 
The regression residuals of the regressions with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other (p=0.000). Four Pearson’s 
correlation coefficients (r) are 1.000. All others do not drop below 0.997, apart from five, 
which still do not drop below 0.990.  
 
4.1.3.3 Principal Components Analysis 
 
After four fossil U. arctos, two U. deningeri and a random subset of twelve U. spelaeus were 
included in the PCA (Figure 4-19 and Figure 4-20), the PCA displays similar trends as previously 
with only the extant specimens (Figure 4-2 and Figure 4-3), apart from PC3 being reversed and 
a minor change in the relative PC3 scores of A. melanoleuca. For the extant specimens of both 
datasets PCs 1, 2 and 3 have Pearson’s correlation coefficients (r) of 0.995, 0.984 and -0.930 
respectively, all these correlations are highly significant (p=0.000). A K-S test shows that the 
data are normally distributed for fossil and modern brown bears. A Levene’s test indicates that 
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variances are homogeneous on PCs 1 and 3, but not on PC2. The four fossil U. arctos are highly 
significantly different from modern U. arctos on PCs 1 (t(37)=10.049, p=0.003) and 3 
(t(37)=7.668, p=0.009) based on t-tests and they, therefore, have to be considered as separate 
groups for further analyses. A K-S test indicates that the data are normally distributed for U. 
deningeri and U. spelaeus and a Levene’s tests shows that the variances are homogeneous. 
The two U. deningeri are not significantly different from U.spelaeus on the first three PCs 
(df=12). So U. deningeri and U. spelaeus cannot be distinguished based on this PCA. 
Including fossils, PC1 explains 41.7% of the total variance. U. spelaeus has relatively high PC1 
scores, which are approaching A. melanoleuca and T. ornatus (Figure 4-19). Fossil U. arctos has 
PC1 scores intermediate between modern U. arctos and U. spelaeus, but overlaps with both 
species. U. deningeri has slightly higher PC1 scores than fossil U. arctos and overlaps with U. 
spelaeus. 
PC2 explains 19.1% of the total variance, which, together with PC1, is 60.9% cumulatively. Of 
the species with relatively high PC1 scores A. melanoleuca has the highest PC2 scores and T. 
ornatus the lowest (Figure 4-19). The fossil bears (U. arctos, U. deningeri and U. spelaeus) have 
intermediate values. 
Including fossils, PC3 explains 16.6% of the total variance, which, together with the previous 
two PCs, is 77.4% cumulatively. U. spelaeus has high PC3 scores, some higher than any of the 
extant specimens, others comparable with extant U. arctos and M. ursinus. Both fossil U. 





Figure 4-19: PCs 1 and 2 of the PCA on the regression residuals of all extant Ursidae, fossil U. arctos, U. deningeri 
and a random subset of twelve U. spelaeus after a regression analysis of the Procrustes coordinates onto LCS 
pooled per species. The colours indicate the most important food item in the diet; red denotes the specimen is 





Figure 4-20:  PCs 1 and 3 of the PCA on the regression residuals of all extant Ursidae, fossil U. arctos, U. deningeri 
and a random subset of twelve U. spelaeus after a regression analysis of the Procrustes coordinates onto LCS 
pooled per species. The colours indicate the most important food item in the diet; red denotes the specimen is 
fossil and diet is unknown. Fossil U. arctos and U. deningeri have larger markers filled with black. 
 
4.1.3.4 Kruskal-Wallis and Discriminant Function Analysis 
 
A K-S test indicates that all dietary categories are normally distributed on all three PCs with 
one exception. Soft mast is not normally distributed on PC2. Since this is the only case amongst 
15 distributions it is reasonable to assume that this is merely a coincidence. A Levene’s test for 
homogeneity of variances indicates highly significantly that none of the first three PCs has 
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homogeneous variances. To make a prediction of the most important food item in the diet of 
U. spelaeus a Kruskal-Wallis test instead of an ANOVA was conducted on PC1 to PC3 with most 
important food item as fixed factor and the PC scores as dependent variables.  
The most important food item has a highly significant effect on PC1 (χ2(7)=93.592, p=0.000) 
according to a Kruskal-Wallis test. A post-hoc Tamhane test on PC1 shows that fossil U. arctos 
is highly significantly different from animals that have hard mast, invertebrates or vertebrates 
as most important food item and significantly different from animals that eat mostly foliage, 
on the other hand they are not significantly different from U. deningeri, U. spelaeus or animals 
that have soft mast as most important food item. U. deningeri and U. spelaeus both are highly 
significantly different from bears that eat mostly hard or soft mast, invertebrates or 
vertebrates, but are not significantly different from each other, fossil U. arctos or bears with 
foliage as most important food item.  
According to a Kruskal-Wallis test, the most important food item also has a highly significant 
effect on PC2 scores (χ2(7)=36.142, p=0.000). A post-hoc Tamhane test shows that fossil U. 
arctos is highly significantly different from bears with soft mast as most important food item, 
but is not significantly different from any of the other bears. U. deningeri is not significantly 
different from any of the other bears. U. spelaeus is highly significantly different from bears 
with mostly soft mast in their diet and significantly different from bears that eat mostly foliage. 
U. spelaeus is not significantly different from fossil U. arctos, U. deningeri or bears that eat 





Table 4-8: Classification results of the stepwise discriminant function analysis on the first three PCs to predict 
most important food item in the diet of the fossil bears. Prior probabilities have been calculated from group size. 














Original Count foliage 5 0 0 0 0 5 
hard mast 0 1 0 6 3 10 
invertebrates 0 0 19 0 1 20 
soft mast 0 0 0 51 1 52 
vertebrates 0 0 0 1 12 13 






foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 10.0 .0 60.0 30.0 100.0 
invertebrates .0 .0 95.0 .0 5.0 100.0 
soft mast .0 .0 .0 98.1 1.9 100.0 
vertebrates .0 .0 .0 7.7 92.3 100.0 
ungrouped .0 .0 .0 100.0 .0 100.0 
 
 

















Count foliage 5 0 0 0 0 5 
hard mast 0 0 0 7 3 10 
invertebrates 0 0 17 0 3 20 
soft mast 0 0 0 51 1 52 
vertebrates 0 0 0 1 12 13 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 .0 .0 70.0 30.0 100.0 
invertebrates .0 .0 85.0 .0 15.0 100.0 
soft mast .0 .0 .0 98.1 1.9 100.0 
vertebrates .0 .0 .0 7.7 92.3 100.0 
 
A Kruskal-Wallis test shows that most important food item has a highly significant effect on 
PC3 scores (χ2(7)=42.906, p=0.000). A post-hoc Tamhane test indicates that fossil U. arctos is 
highly significantly different from bears that consume mostly foliage or hard or soft mast, but 
is not significantly different from U. deningeri, U. spelaeus or bears that eat mostly vertebrates 
or invertebrates. U. deningeri is not significantly different from any of the other bears. U. 
spelaeus is highly significantly different from animals that have foliage, hard or soft mast, or 
vertebrates as most important food item and they are significantly different from bears that 
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eat mostly invertebrates. They are, however, not significantly different from fossil U. arctos or 
U. deningeri. 
Since there is no non-parametric alternative to stepwise DFA, this procedure was performed 
despite unhomogeneous variances. Caution must be taken, however, with the interpretation. 
There are five a priori groups based on the most important food item in the diet of the extant 
bears: foliage, hard mast, invertebrates, soft mast and vertebrates (Table 4-8). The first three 
PCs were used as independent variables.  This produces two canonical discriminant functions 
that account for 96.9% and 3.1% of the variance, respectively, and are generated using only 
PC1 and PC2. These functions separate the five groups highly significantly (Λ=0.092, 
χ2(8)=227.525, p=0.000). If all groups have equal prior probabilities 75.0% of the original 
grouped specimens and 74.0% of the cross-validated grouped specimens are correctly 
classified. If prior probabilities are calculated from group size 88.0% of the original grouped 
specimens and 85.0% of the cross-validated grouped specimens are correctly classified. Based 
on the cross-validation results, only the results of the analysis with prior probabilities 
calculated from group size is interpreted. 
The ungrouped specimens are four fossil U. arctos, two U. deningeri and a random sample of 
twelve U. spelaeus. All 18 fossil specimens (100%) are grouped as having soft mast as their 
most important food item when prior probabilities are calculated according to group size 
(Table 4-8). 
 
4.1.3.5 Two-Block Partial Least Squares Analysis 
 
After four fossil U. arctos, two U. deningeri and a random subset of twelve U. spelaeus were 
added to the 2B-PLS of the regression residuals of the regression onto LCS pooled per species 
and the dietary variables listed in Table 2-1 (Figure 4-21 and Figure 4-22), the PLS axes display 
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similar trends as previously with only the extant specimens (Figure 4-5). For the extant 
specimens of both datasets the first three PLS axes have Pearson’s correlation coefficients (r) 
of 0.999, 0.997, 0.977 for block 1 and 0.987, 0.991 and 0.996 for block 2 respectively. All these 
correlation coefficients are highly significant (p=0.000). The four fossil U. arctos are 
significantly different from the modern U. arctos on PLS 1 (t(37)=2.872, p=0.007) and PLS2 
(t(37)=-2.077, p=0.045), which means that they should be treated as separate groups for 
further analyses. The two U. deningeri are not significantly different from U.spelaeus (df=12), 
so U. deningeri and U. spelaeus cannot be distinguished based on this two-block partial least 
squares analysis. 
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.3784. A permutation test against the null hypothesis of indepence gives p<0.0001, indicating 
that the two blocks are not independent.  
PLS 1 explains 72.2% of the total covariance with a correlation of 0.8209 between the two 
blocks (p<0.0001). U. spelaeus and U. deningeri have relatively high PLS1 scores, which are 
comparable to T. ornatus, but lower than those of A. melanoleuca (Figure 4-21 and Figure 
4-22). Fossil U. arctos has PLS1 scores slightly lower than those of U. spelaeus and U. deningeri 
and overlaps more with modern U. arctos. PLS1 is mostly determined by the amount of foliage 
and the amount of invertebrates in the diet of the bears, indicating that the fossil bears share 
part of their mandibular morphology with bears that are adapted to eating large amounts of 
foliage and other tough plant matter. 
PLS2 explains 20.7% of the total covariance with a correlation of 0.6078 (p<0.0001). The subset 
of U. spelaeus, U. deningeri and fossil U. arctos are comparable to the other members of the 
genus Ursus considering their PLS2 scores (Figure 4-21). PLS2 is mostly determined by the 
amounts of soft mast and vertebrates in the diet and the fossil bears have intermediate values, 
so no clear statements can be made. 
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Figure 4-21: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of all extant bear species, four fossil U. 
arctos, two U. deningeri  and a random subset of twelve U. spelaeus, after a regression analysis of the Procrustes 
coordinates onto LCS pooled per species, and the dietary variables listed in Table 2-1. Fossil U. arctos and U. 
deningeri have larger black filled symbols. 
 
PLS3 explains 5.1% of the total covariance between the blocks with a correlation of 0.6300 
(p<0.0001). The four U. arctos, two U. deningeri and the subset of U. spelaeus have PLS3 
scores higher than T. ornatus, lower than A. melanoleuca and H. malayanus, and comparable 
to the remaining bear species (Figure 4-22). PLS3 is mostly influenced by the percentages 
foliage and invertebrates in the bear diets, however, since the fossil bear species show 









Figure 4-22: PLS axes 1 and 3 of the 2B-PLS on the regression residuals of all extant bear species, four fossil U. 
arctos, two U. deningeri  and a random subset of twelve U. spelaeus, after a regression analysis of the Procrustes 
coordinates onto LCS pooled per species, and the dietary variables listed in Table 2-1. Fossil U. arctos and U. 
deningeri have larger filled symbols filled with black. 
 
4.1.4 Phylogeny Ursidae 
 
The phylogeny of extant Ursidae, fossil U. arctos, U. deningeri, and U. spelaeus relative to the 
PC scores based on the PCA with only a subset of U. spelaeus is shown in Figure 4-23 and 
Figure 4-24. The phylogeny of Ursidae is not uncorrelated with the PC scores (p=0.001). 






U. spelaeus) have both developed in positive direction on PC1. U. deningeri has reached more 
extreme values on this PC than brown bears, after which the evolution of U. spelaeus appears 
to have led to an increase in PC2 values, but the results for U. deningeri should be interpreted 
with caution as its sample size is extremely small (N=2), and its position in shape space is 
statically indistinguishable from U. spelaeus. After briefly following a similar evolutionary 
pathway to the cave bear lineage, the two brown bear lineages developed in opposite 
direction PCs 1 and 2. As the split between fossil U. arctos and the modern members of this 
species has only been estimated, this does not mean that the two developed in those 
directions simultaneously. U. maritimus developed in opposite direction to the cave bear 
lineage: the former towards the insectivorous H. malayanus and the latter in a similar direction 







Figure 4-23:  Phylogenetic overlay onto PC1 and PC2 of the principal components analysis on the regression 
residuals of all extant species, four fossil Ursus arctos (Uarf), two U. deningeri (Ude) and a random subset of 
twelve U. spelaeus (Usp) after a regression analysis of the Procrustes coordinates onto LCS pooled per species. 
Mur=Melursus ursinus; Uma=U. maritimus; Hma=Helarctos malayanus; Uth=U. thibetanus; Tor=Tremarctos 




Figure 4-24:  Phylogenetic overlay onto PC1 and PC3 of the principal components analysis on the regression 
residuals of all extant species, four fossil Ursus arctos (Uarf), two U. deningeri (Ude) and a random subset of 
twelve U. spelaeus (Usp) after a regression analysis of the Procrustes coordinates onto LCS pooled per species. 
Mur=Melursus ursinus; Uma=U. maritimus; Hma=Helarctos malayanus; Uth=U. thibetanus; Tor=Tremarctos 
ornatus; Uar=U. arctos; Ame=Ailuropoda melanoleuca; Uam=U. americanus. 
 
When the phylogeny is mapped onto the PLS scores of block 1 of the 2B-PLS versus latitude, 
altitude and the climatic variables listed in Table 2-1 (Figure 4-25), it becomes clear that U. 
spelaeus and U. deningeri have adapted in a similar manner to A. melanoleuca, which is mostly 
associated with an increase in altitude, but to a lesser degree also a decrease in precipitation. 
Fossil U. arctos shows adaptations towards less precipitation, whereas modern U. arctos shows 
adaptations associated with higher precipitation. Both U. maritimus and the lineage of M. 




Figure 4-25:  Phylogenetic overlay onto PLS1 and PLS2 of the partial least squares analysis on the regression 
residuals of all extant species, four fossil Ursus arctos (Uarf), two U. deningeri (Ude) and a random subset of 
twelve U. spelaeus (Usp), after a regression analysis of the Procrustes coordinates onto LCS pooled per species, 
and latitude, altitude and the climatic variables listed in Table 2-1. Mur=Melursus ursinus; Uma=U. maritimus; 
Hma=Helarctos malayanus; Uth=U. thibetanus; Tor=Tremarctos ornatus; Uar=U. arctos; Uarf=fossil U. arctos; 
Ude=U. deningeri; Usp=U. spelaeus; Ame=Ailuropoda melanoleuca; Uam=U. americanus. 
 
A phylogenetic map plotted onto the results of the 2B-PLS analysis versus the dietary variables 
shows that the evolution of the cave bear lineage is  in a direction suggestive of an increase of 
foliage, hard mast and roots in the diet, of which foliage may most important. U. maritimus 
developed adaptations in opposite direction from U. arctos and the cave bear lineages, which 
is possibly associated with them having opposite dietary changes through time. Within the 
lineage of U. arctos, fossil U. arctos shows specialisations similar to cave bears, whereas 





Figure 4-26:  Phylogenetic overlay onto PLS1 and PLS2 of the partial least squares analysis on the regression 
residuals of all extant species, four fossil Ursus arctos (Uarf), two U. deningeri (Ude) and a random subset of 
twelve U. spelaeus (Usp), after a regression analysis of the Procrustes coordinates onto LCS pooled per species, 
and the dietary variables listed in Table 2-1. Mur=Melursus ursinus; Uma=U. maritimus; Hma=Helarctos 






Figure 4-27:  Phylogenetic overlay onto PLS1 and PLS3 of the partial least squares analysis on the regression 
residuals of all extant species, four fossil Ursus arctos (Uarf), two U. deningeri (Ude) and a random subset of 
twelve U. spelaeus (Usp), after a regression analysis of the Procrustes coordinates onto LCS pooled per species, 
and the dietary variables listed in Table 2-1. Mur=Melursus ursinus; Uma=U. maritimus; Hma=Helarctos 
malayanus; Uth=U. thibetanus; Tor=Tremarctos ornatus; Uar=U. arctos; Ame=Ailuropoda melanoleuca; Uam=U. 
americanus. 
 
4.2 Mandibulae of Ursus 
 
One hundred and sixty three (163) specimens belonging to the genus Ursus were digitised and 
analysed in total. The extant members of the genus Ursus (n=68) were analysed first and 95 
fossil specimens were added to the dataset afterwards. When only the genus Ursus is taken 
into account, DFA is not performed for most important food item, because the range of diets 
in the modern reference sample is not representative of the full possible range. The various 
subspecies of U. arctos and U. spelaeus are given below in Table 4-1. The localities and 
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frequencies of mandibles are given in Table 4-2. A list of specimens and geographical 
information is given in Appendix A. 
 
Table 4-1:  Numbers of mandibulae per subspecies of U. arctos and U. spelaeus used for the analyses with 7 
landmarks focusing on the masseter. 
Species Age Frequency 
U. a. arctos Holocene 15 
U. a. beringianus Holocene 4 
U. a. horribilis Holocene 3 
U. a. isabellinus Holocene 8 
U. a. marsicanus Holocene 2 
U. a. pruinosus Holocene 1 
U. a. syriacus Holocene 2 
U. a. fossilis Pleistocene 4 
U. s. ladinicus* Pleistocene 2 
U. s. ingressus* Pleistocene 27 
U. s. deningeroides* Pleistocene 1 
U. s. eremus* Pleistocene 8 
U. s. spelaeus Pleistocene 7 
U. spelaeus indet.* Pleistocene 44 
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Table 4-2:  Numbers of mandibulae from each locality for U. spelaeus used for the analyses with seven landmarks 
focusing on the masseter. An * indicates Alpine localities. 
Locality Frequency  Locality Frequency 
Badlhöhle* 2  Medvedia 1 
Belgium 7  Merkensteinhöhle* 6 
Conturineshöhle* 2  Mixnitz* 2 
Demänovské 1  Ramesch Knochenhöhle* 3 
Engioul 1  Repolusthöhle* 1 
Erpfingen 1  Rübeland 2 
Gamssulzenhöhle* 13  Schottloch* 1 
Gaylenreuth 2  Schwabenreithhöhle* 5 
Herm 1  Sibyllenhöhle 1 
Hieflau 1  Sloup 5 
Hohlenstein 5  Sundwig 4 







4.2.1 Extant Ursus 
 
4.2.1.1 Procrustes Superimposition 
 
Seven landmarks in three dimensions of 68 bear specimens were subjected to Procrustes 
superimposition. The average shape is depicted in Figure 4-28. The Procrustes sum of squares 
is 0.2410 and the tangent sum of squares is 0.2398.  
 
 
Figure 4-28: The average shape of the mandibles of all extant members of the genus Ursus after Procrustes 
superimposition. The line links the most rostral point on the mandible with the alveoli of the canine, carnassial 
and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
 
4.2.1.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS pooled per species 
is shown in Figure 4-29. The total sum of squares is 0.1514, of which 0.0205 (13.5701%) is 
predicted and 0.1308 is residual. A permutation test against independence gives p<0.0001. 
The 95% confidence intervals of the slopes of individual regression analyses per species 
generally overlap, but there are a few exceptions (Appendix B: Table B-73 and Table B-74). For 
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Procrustes coordinate 2 the confidence intervals of the slopes of U. arctos and U. maritimus do 
not overlap. And for Procrustes coordinate 8, the slopes of the same two species do not have 
overlapping confidence intervals either. It seems likely that these two discrepancies are based 
on coincidence only. So, the regression residuals of the regression analysis of the Procrustes 
coordinates onto LCS can be used for the following PCA and 2B-PLS analyses. 
 
 
Figure 4-29: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of all extant members of the genus Ursus onto the natural logarithm of centroid size 
(LCS) of the mandibulae pooled per species plotted against LCS.  
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4.2.1.3 Principal Components Analysis 
 
PCA is performed on the regression residuals of the regression onto LCS pooled per species. 
Based on the results of a scree plot, only the first four PCs were considered.  
 
 
Figure 4-30: PCs 1 and 2 of the PCA on the regression residuals of all extant members of the genus Ursus after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species. The colours indicate the subspecies 





Figure 4-31: PCs 3 and 4 of the PCA on the regression residuals of all extant members of the genus Ursus after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species. The colours indicate subspecies of 
U. arctos. 
 
PC1 explains 34.3% of the total variance. PC1 separates U. arctos and U. maritimus, whereas U. 
americanus and U. thibetanus have PC1 scores overlapping with both previous species (Figure 
4-30).  Within U. arctos, there is no clear separation between subspecies. 
PC2 explains 22.9% of the total variance, which is 57.2% cumulatively together with PC1. PC2 
separates U. americanus and U. thibethanus from U. maritimus, whereas U. arctos has PC2 
scores that overlap completely with U. maritimus and partly with U. thibetanus and U. 
americanus (Figure 4-30). Within U. arctos there is also some segregation between subspecies. 
U.a. beringianus has relatively low PC2 scores compared to the other subspecies. 
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PC3 explains 11.9% of the total variance, which accumulates to 69.1% together with PCs 1 and 
2. PC3 does not create clear separation between any of the species or subspecies of U. arctos. 
PC4 explains 7.7% of the total variance which is 76.8% cumulatively with the first three PCs. 
PC4 is able to distinguish U. americanus and U. thibetanus although the two species do 
overlap. U. americanus has higher PC4 scores than U. thibetanus. There is also some division 
between U. a. arctos and U. a. isabellinus, with the latter having lower scores. 
 
4.2.1.4 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares analysis was performed on the regression residuals of the 
regression onto LCS pooled per species and latitude, altitude and the climatic variables listed in 
Table 2-1. Based on the results of a scree plot and the criterion of high significance, only PLS1 
was interpreted.  
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.1555. A permutation test against the null hypothesis of independence gives p=0.0007, 
indicating that the two blocks are not independent. 
PLS1 explains 99.3% of the total covariance with a correlation of 0.4783 between the two 
blocks (p=0.0007). U. maritimus has relatively high PLS1 scores and U. arctos has relatively low 
PLS1 scores (Figure 4-32). The two species do not overlap on PLS1. U. americanus and U. 
thibetanus have ranges that almost completely overlap with each other and with the lower 
end of U. maritimus and the higher end of U. arctos. Within U. arctos there is quite a bit of 
overlap for the different subspecies, however, some do have relatively higher or relatively 
lower PLS scores. U. a. beringianus tends to have relatively high PLS1 scores, whereas U. a. 




Figure 4-32: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of all extant members of the genus Ursus, 
after a regression analysis of the Procrustes coordinates onto LCS pooled per species, and latitude, altitude and 
the climatic variables listed in Table 2-1. The colours indicate the subspecies of U. arctos. 
 
Two-block partial least squares analysis was also performed on the regression residuals of the 
regression onto LCS pooled per species in block 1 and the dietary variables listed in Table 2-1 in 
block 2. Based on the results of a scree plot, only the first two PLS axes were interpreted, 





Figure 4-33: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of all extant members of the genus Ursus 
after a regression analysis of the Procrustes coordinates onto LCS pooled per species the dietary variables listed 
in Table 2-1. The colours indicate the subspecies of U. arctos.  
 
The overall strength of the association between the two blocks is given by the RV coefficient:  
0.5047. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent. 
PLS1 explains 94.4% of the total covariance with a correlation of 0.8572 between the two 
blocks (p<0.0001). U. maritimus has relatively low PLS1 scores, whereas the other members of 







between the subspecies of U. arctos. PLS1 is mostly determined by the amount of vertebrates 
versus the amount of soft mast in the diet.  
PLS2 explains 5.3% of the total covariance between the blocks with a correlation of 0.6737 
(p<0.0001). U. americanus and U. thibetanus have high PLS2 scores (Figure 4-33). U. arctos has 
low PLS2 scores. The scores of U. maritimus are intermediate, but overlap more with U. arctos 
than with the other two species. Within U. arctos there are some clear signals observable on 
PLS2. U. a. beringianus has very low PLS2 scores, whereas U. a. isabellinus has relatively high 
PLS2 scores, and the two subspecies do not overlap at all. U. a. marsicanus and U. a. syriacus 
also have high PLS2 scores, but are harder to interpret due to their small sample sizes. PLS2 is 
mostly associated with the percentages of hard mast, versus the percentages of foliage and 
roots in the diet. 
 
4.2.2 Extant and Fossil Ursus 
 
4.2.2.1 Procrustes Superimposition 
 
Four fossil U. arctos from Belgium, 89 U. spelaeus and two U. deningeri were added to the 
dataset, resulting in a total of 163 extant and fossil bear mandibles in the dataset. The sums of 
squares are given as a measure of variance within the dataset. The Procrustes sum of squares 





4.2.2.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all Ursus mandibles together is shown in Figure 4-34. The 
total sum of squares is 0.3474, of which 0.0313 (9.0085%) is predicted and 0.3161 is residual. A 
permutation test against independence gives p<0.0001. 
 
 
Figure 4-34: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of fossil and extant members of the genus Ursus onto the natural logarithm of 
centroid size (LCS) of the mandibulae pooled per species plotted against LCS. Fossil U. arctos and U. deningeri 
have larger symbols and are filled with black.  
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A test for common slopes shows that U. deningeri has differing slopes from at least one of the 
other species on every Procrustes coordinate, apart from Procrustes coordinates 1, 6 and 15 
(Appendix B: Table B-75 to Table B-92). This is due to the fact that there are only two U 
deningeri specimens available for this analysis, which results in the absence of a confidence 
interval. Additionally, U. arctos is different from U. maritimus on Procrustes coordinate 2, and 
U. americanus is different from U. arctos and U. spelaeus on Procrustes coordinate 11.  
The regression residuals of the regressions with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other. One Pearson’s correlation 
coefficient is 1.000. All others do not drop below 0.981, apart from five, which still do not drop 
below 0.959. All correlations are highly significant (p=0.000). 
 
4.2.2.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the regression onto LCS pooled per species 
for the extant specimens and the fossils after two U. deningeri, 89 U. spelaeus and four fossil 
U. arctos were added to the dataset (Figure 4-35). Pearson’s correlation coefficient (r) for the 
extant specimens of both datasets (with and without fossils) is -0.959 for PC1 and is highly 
significant (p=0.000). PCs 2 to 4 have correlation coefficients of -0.850, -0.637 and -0.423 
respectively, which are also highly significant (p=0.000). The reason for the low correlation is 
that relatively many fossils have been added to the dataset. The intraspecific variation of the 
89 U. spelaeus is now responsible for most of the variation within the dataset and this is 
reflected in the PC axes. As a consequence only PC1 can be interpreted according to the results 
of the extant specimens.  A K-S test indicates that the distributions of both fossil and modern 
U. arctos are normal and a Levene’s test indicates that the variances may be considered to be 
homogeneous. The four fossil U. arctos are highly significantly different from the extant U. 
arctos on PC 1 (t(37)=4.153, p=0.000). The fossil U. arctos should, therefore, be considered a 
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separate group from modern U. arctos. A K-S test indicates that the distributions of both U. 
deningeri and U. spelaeus are normal and a Levene’s test indicates that the variances may be 
considered to be homogeneous. No significant difference can be observed between U. 
spelaeus and U. deningeri on the first PC (t(89)=1.067, p=0.289). 
 
  
Figure 4-35: PCs 1 and 2 of the PCA on the regression residuals of all members of the genus Ursus after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species. The colours indicate the subspecies 
of U. arctos and U. spelaeus. Fossil U. arctos and U. deningeri have larger markers filled with black. 
 
Including fossils, PC1 explains 54.2% of the total variance. U. spelaeus and U. deningeri have 
relatively low PC1 scores, which hardly overlap with modern U. arctos (Figure 4-35). Fossil U. 
arctos overlaps with both modern U. arctos, and U. spelaeus and U. deningeri. Apart from the 
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distinction between fossil and modern U. arctos, no differentiation between subspecies is 
visible for either U. arctos or U. spelaeus. The single U. s. deningeroides has PC1 scores similar 
to U. deningeri. 
 
4.2.2.4 ANOVA, Kruskal-Wallis and Discriminant Function Analysis 
 
To determine whether there are any significant differences between species and subspecies 
ANOVA was conducted on PC1 with species or subspecies as fixed factor and PC1 scores as the 
dependent variable.  It is also possible that broad area, specific region, or habitat have an 
influence on the morphology, which can also be determined using ANOVA. Subsequently, DFA 
was performed providing information about the similarities between fossil U. arctos and the 
other (sub)species, based on mandible morphology, or areas regions and habitats.  
A Levene’s test of homogeneity of variances shows that variances of species are not 
significantly unhomogeneous. A K-S test indicates that the data are normally distributed for 
each species. ANOVA shows that species attribution has a highly significant effect on PC1 
scores (F(6,1567)=266.012, p=0.000). Post-hoc Tukey tests show that U. maritimus, U. 
americanus and U. thibetanus form a homogeneous subset on PC1 (Table 4-3). The modern U. 
arctos form a group of their own. U. deningeri can form a homogeneous subset with either U. 
spelaeus or fossil U. arctos, but U. spelaeus and fossil U. arctos together do not have 





Table 4-3: Results of ANOVA post-hoc Tukey tests on PC1 scores for all extant members of the genus Ursus, fossil 
U. arctos, U. deningeri and U. spelaeus. Means for groups in homogeneous subsets are displayed. The group sizes 
are unequal, so the harmonic mean of the group sizes (=6.562) is used. 
 group N Subset for alpha = 0.05 
1 2 3 4 
Tukey 
HSD 
U. spelaeus 89 -.0386    
U. deningeri 2 -.0282 -.0282   
fossil U. arctos 4  -.0112   
extant U. arctos 35   .0278  
U. thibetanus 10    .0742 
U. americanus 10    .0748 
U. maritmus 13    .0824 
Sig.  .873 .393 1.000 .958 
Tukey 
B 
U. spelaeus 89 -.0386    
U. deningeri 2 -.0282 -.0282   
fossil U. arctos 4  -.0112   
extant U. arctos 35   .0278  
U. thibetanus 10    .0742 
U. americanus 10    .0748 
U. maritmus 13    .0824 
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Table 4-4: Results of ANOVA post-hoc Tukey tests on PC1 scores for the subspecies of U. arctos. Means for groups 
in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean of the group sizes 
(=3.481) is used. 




U. a. fossilis 4 -.0112  
U. a. beringianus 4 .0126 .0126 
U. a. arctos 15 .0272 .0272 
U. a. isabellinus & U. a. pruinosus 9 .0276 .0276 
U. a. horribilis 3  .0331 
U. a. marsicanus 2  .0386 
U. a. syriacus 2  .0439 
Sig.  .085 .257 
Tukey 
B 
U. a. fossilis 4 -.0112  
U. a. beringianus 4 .0126 .0126 
U. a. arctos 15 .0272 .0272 
U. a. isabellinus & U. a. pruinosus 9 .0276 .0276 
U. a. horribilis 3  .0331 
U. a. marsicanus 2  .0386 
U. a. syriacus 2  .0439 
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Table 4-5: Results of ANOVA post-hoc Tukey tests on PC1 scores for the region designation of U. arctos. Means for 
groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean of the group 
sizes (=4.297) is used. 
 region N Subset for alpha = 
0.05 
1 2 
Tukey HSD Fossil U. arctos 4 -.0112  
N. Asia & E. Europe 9 .0162 .0162 
C. Asia 9  .0276 
N. America 3  .0331 
W. Europe 11  .0341 
S.W. Asia 2  .0439 
Sig.  .203 .193 
Tukey B Fossil U. arctos 4 -.0112  
N. Asia & E. Europe 9 .0162 .0162 
C. Asia 9  .0276 
N. America 3  .0331 
W. Europe 11  .0341 




Table 4-6: Results of ANOVA post-hoc Tukey tests on PC1 scores for the area designation of U. arctos. Means for 
groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean of the group 
sizes (=6.850) is used. 




Fossil U. arctos 4 -.0112  
Pacific 5  .0208 
Continental 16  .0277 
European 14  .0304 
Sig.  1.000 .763 
Tukey B Fossil U. arctos 4 -.0112  
Pacific 5  .0208 
Continental 16  .0277 
European 14  .0304 
 
For U. arctos variances are not significantly unhomogeneous when devided by subspecies, 
region, area or habitat. A K-S test shows that within U. arctos the data for each subspecies are 
normally distributed. ANOVA on the subspecies of U. arctos indicates that subspecies 
attribution has a highly significant effect on PC1 scores for this species (F(7,31)=4.397, 
p=0.002). Post-hoc Tukey tests cannot be performed because U. a pruinosus only has one 
specimen. This specimen has been lumped with U. a isabellinus to generate post-hoc Tukey 
results because of their geographical proximity, this is justified by the fact that a t-test does 
not show a significant difference between them after testing for normality of the data. Table 
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4-4 shows that fossil U. arctos  from Belgium cannot form homogeneous subsets with U. a. 
horribilis, U. a. syriacus and U. a. marsicanus. Fossil U. arctos does, however, form a 
homogeneous subset with other modern subspecies, namely U. a. beringianus, U. a. isabellinus 
and U. a. arctos. These subspecies have in common that they live in relatively harsh 
environments, either high altitude or high latitude, and they are based on the Eurasian 
continent. Placement of fossil U. arctos in this group may suggests these animals also lived in a 
relatively harsh environment. 
A K-S test indicates that the data are normally distributed for each region. ANOVA performed 
on the region designation of U. arctos indicates that there is a highly significant effect of region 
designation on PC1 (F(5,328)=5.363, p=0.001). Post-hoc Tukey tests show that all extant U. 
arctos, in spite of living in different regions of the world, all form a homogeneous subset 
together (Table 4-5). Fossil U. arctos from Belgium, though, only forms a homogeneous subset 
with bears from northern Asia and eastern Europe. 
A K-S test indicates that within each area the the data have a normal distribution. ANOVA 
performed on the broad area shows that there is a highly significant effect of area on PC1 
(F(3,35)=5.942, p=0.002). Post-hoc Tukey tests show that, while the modern bears form a 
homogeneous subset with each other, fossil U. arctos are significantly different from their 
extant conspecifics (Table 4-6). 
The data for each habitat type are normally distributed according to a K-S test. When ANOVA is 
performed with habitat type as fixed factor, there is a highly significant effect on PC1 
(F(4,34)=4.490, p=0.005). Again, it is fossil U. arctos which is completely different from the 
modern bears, even though the latter do form a homogeneous subset amongst themselves 
according to post-hoc Tukey tests (Table 4-7). 
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Table 4-7: Results of ANOVA post-hoc Tukey tests on PC1 scores for the habitat type of U. arctos. Means for 
groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean of the group 
sizes (=5.748) is used. 
 habitat N Subset for alpha = 0.05 
1 2 
Tukey HSD Fossil U. arctos 4 -.0112  
Arctic 5  .0208 
Alpine 4  .0265 
Coniferous forest 17  .0274 
Broadleaf forest 9  .0328 
Sig.  1.000 .798 
Tukey B Fossil U. arctos 4 -.0112  
Arctic 5  .0208 
Alpine 4  .0265 
Coniferous forest 17  .0274 
Broadleaf forest 9  .0328 
 
A K-S test indicates that all subspecies of U. spelaeus are normally distributed. Levene’s test 
indicates that variances are not highly significantly unhomogeneous for the subspecies of U. 
spelaeus and U. deningeri. ANOVA performed on the subspecies of U. spelaeus, and U. 
deningeri indicates that there is no significant effect of subspecies attribution on PC1 
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(F(5,41)=0.675, p=0.644). Based on this result, it is found unnecessary to perform post-hoc 
Tukey tests on this part of the data. 
A test of the homogeneity of variance gives p=0.007 when locality is used as fixed factor and a 
K-S test indicates the data for each locality are normally distributed. As this means that the 
variances are highly significantly different from each other, a K-W test is performed to test 
whether locality has a significant effect on the PC1 scores of U.spelaeus and U. deningeri. This 
test gives a non-significant result (χ2(26)=28.359, p=0.341). So, locality does not have a 
significant effect on the PC1 scores of U. spelaeus and U. deningeri and no post-hoc test is 
performed. 
A K-S test indicates that the data are normally distributed for each broad area. The variances 
on PC1 scores are not significantly unhomogeneously distributed when broad area is used as 
fixed factor. ANOVA performed on the PC1 scores with broad area as fixed factor does not give 
a significant result (F(6,84)=0.739, p=0.620). So, provenience, whether it is precise locality or 
broad area, does not have a significant effect on PC1 scores for U. spelaeus in contrast to U. 
arctos. 
Stepwise DFA was performed on U. arctos using seven a priori groups based on subspecies, 
three groups based on area, four on habitat and five a priori groups based on region. The first 
PC was used as independent variable. Using α=0.01 or α=0.05, this does not yield any 
discriminant functions for any of the analyses. 
 
4.2.2.5 Two-Block Partial Least Squares Analysis 
 
After four fossil U. arctos, two U. deningeri and 89 U. spelaeus were added to the 2B-PLS on 
latitude, altitude and climate, PLS1 displays a similar trend as PLS1 with only the extant 
specimens (Figure 4-33). For the extant specimens of both datasets PLS1 has a Pearson’s 
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correlation coefficient (r) of 0.940 for block 1 and 0.997 for block 2, both highly significant 
(p=0.000).  
Including fossils, the overall strength of the association between the two blocks is given by RV 
coefficient: 0.0266. A permutation test against the null hypothesis of independence shows that 
the null hypothesis cannot be significantly rejected, and the two blocks may be completely 
independent. Further statistical analyses are not undertaken on these PLS scores for that 
reason.  
PLS is also performed on the regression residuals of the regression onto LCS pooled per species 
on the dietary variables listed in Table 2-1 and fossil and extant specimens together. The PLS 
axes display very different patterns than previously with only the extant specimens (Figure 
4-33). For the extant specimens of both datasets PLS axes 1 and 2 of block 1 have Pearson’s 
correlation coefficients (r) of -0.685 (p=0.000) and -0.159 (p=0.197) and PLS axes 1 and 2 of 
block 2 have an r of -0.410 (p=0.419) and -0.086 (p=0.872). The difference is so large that it is 
impossible to interpret U. spelaeus according to the patterns observed in the extant members 
of the genus Ursus and further analyses are not performed. 
 
4.2.3 Phylogeny Ursus 
 
The phylogeny of the extant members of the genus Ursus, fossil U. arctos, U. deningeri and U. 
spelaeus is shown in Figure 4-36. The phylogeny within the genus Ursus is not significantly 
uncorrelated with the PC scores. Only the changes along PC1 were interpreted. U. maritimus 
displays the largest shift towards more positive PC1 scores. U. thibetanus, U. americanus and 
extant U. arctos of the western clade display intermediate shifts towards higher PC1 scores 
and extant U. arctos of the eastern clade shows only a small shift towards higher PC1 scores. 
All fossil species, fossil U. arctos, U. deningeri and U. spelaeus, display a shift towards more 
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negative PC1 scores. This division between extant and fossil bears may be correlated to the 
different environment, which was prevalent during the Pleistocene compared to the Holocene.  
 
 
Figure 4-36:  Phylogenetic overlay onto PC1 and PC2 of the PCA on the regression residuals of all extant members 
of the genus Ursus, four fossil U. arctos (Uarf_west), two U. deningeri (Ude) and 89 U. spelaeus (Usp) after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species. Uma=Ursus maritimus; Uth=U. 
thibetanus; Uar_west=extant U. arctos belonging to the western clade; Uar_east=extant U. arctos belonging to 
the eastern clade; Uam=U. americanus. 
 
4.3 Mandibulae of Ursus arctos, Ursus spelaeus and Ursus deningeri 
 
The extant specimens of U. arctos, 35 in total, were analysed first and the four fossil specimens 
were added to the analyses afterwards. The various subspecies of U. arctos are the same as 
used above and are given in Table 4-1. 
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4.3.1 Extant Ursus arctos 
 
4.3.1.1 Procrustes Superimposition 
 
Seven landmarks in three dimensions of 35 U. arctos are subjected to Procrustes 
superimposition. The Procrustes sum of squares is 0.0951 and the tangent sum of squares is 
0.0946.  
 
4.3.1.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS is shown in Figure 
4-37. The total sum of squares is 0.0946, of which 0.0114 (12.0564%) is predicted and 0.0832 is 
residual. A permutation test against independence gives p=0.0001. 
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Figure 4-37: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of extant U. arctos onto the natural logarithm of centroid size (LCS) of the 
mandibulae plotted against LCS. The colours indicate the subspecies of U. arctos. One U. a. arctos from Norway is 
not plotted, because it is unknown whether it comes from the western European population or the the eastern 
European population.  
 
4.3.1.3 Principal Components Analysis 
 
PCA is performed on the regression residuals of the regression onto LCS. Based on the results 




Figure 4-38: PCs 1 and 2 of the PCA on the regression residuals of all extant specimens of Ursus arctos after a 
regression analysis of the Procrustes coordinates onto LCS. The colours indicate the subspecies of U. arctos. One 
U. a. arctos from Norway is not plotted, because it is unknown whether it comes from the W. European 
population or the E. European population. 
 
PC1 explains 24.7% of the total variance. There is no clear separation between any of the 
subspecies or regions on PC1 (Figure 4-38). U. a. beringianus, however, does show a tendency 
towards lower PC1 scores compared to other specimens from northern Asia and eastern 
Europe. As PC1 does not seem to be influenced much by subspecies or region especially 
compared to PCs 2 and 3 (see below), but does explain most of the variance present in the 
dataset, the question is raised of whether other factors such as area, habitat, gender or 
genetic clade may be responsible for variation along PC1. Visual inspection of PCA plots of area 
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and habitat (not figured here) and sex and genetic clade (Figure 4-39) did not indicate 
relationships with PC1 scores. Another interesting feature did, however, emerge while 
assessing this. The western clade of U. arctos has a much narrower range of PC1 scores than 
the eastern clade and the females have a much narrower range than the males (Figure 4-39). 
Because the differences in variances for both sex (W (1,24)=2.975, p=0.097) and clade (W 
(1,33)=4.077 p=0.052) are not significant, this feature is interpreted with caution.  
 
 
Figure 4-39: PCs 1 and 2 of the PCA on the regression residuals of all extant specimens of Ursus arctos after a 





Figure 4-40: PCs 2 and 3 of the PCA on the regression residuals of all extant specimens of Ursus arctos after a 
regression analysis of the Procrustes coordinates onto LCS. The colours indicate the subspecies of U. arctos. One 
U. a. arctos from Norway is not plotted, because it is unknown whether it comes from the western European 
population or the the eastern European population. 
 
PC2 explains 17.9% of the total variance, which is 42.6% together with PC1. There is no clear 
separation on PC2 between the subspecies or regions (Figure 4-38 and Figure 4-40). Within U. 
a. arctos, however, specimens from western Europe have higher PC2 scores than specimens 
from the east, although some overlap exists. U. a. beringianus has relatively low PC2 scores. 
The single U. a. pruinosus also has a relatively low PC2 score, visibly much lower than the other 
specimens from central Asia, which belong to U. a. isabellinus. 
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PC3 explains 16.1% of the total variance, which accumulates to 58.7% together with PCs 1 and 
2. PC3 does not create clear separation between any of the subspecies or regions for U. arctos, 
but some tendencies do appear. U. a. beringianus has relatively low PC3 scores (Figure 4-40), 
much lower PC3 scores than the U. a. arctos that also occur in northern Asian and eastern 
Europe. U. a. marsicanus also has relatively low PC2 scores, especially compared to the other 
specimens from western Europe, which belong to U. a. arctos, and although there are only two 
specimens of U. a. marsicanus, their scores are remarkably similar. The single U. a. pruinosus 
has a rather high PC3 score, higher than the other specimens from central Asia. 
In Figure 4-40, displaying the second and third PCs, it can be seen quite clearly that the 
specimens from central Asia are separated from the specimens from northern Asia and eastern 
Europe by a combination of high PC2 scores and low PC3 scores. There are only two specimens 
that are exceptions to this. 
 
4.3.1.4 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares analysis was performed on the regression residuals of the 
regression onto LCS in block 1 and latitude, altitude and the climatic variables listed in Table 
2-1 in block 2. None of the PLS axes have a significant correlation between the two blocks, 
despite PLS1 explaining 99.6% of the covariance. The overall strength of the association 
between the two blocks is given by the RV coefficient: 0.0510. A permutation test against the 
null hypothesis of independence gives a non-significant result, indicating that the two blocks 
could very well be independent. So, the 2B-PLS analysis versus environmental variables were 
not interpreted further.  
PLS was also performed on the regression residuals of the regression onto LCS in block 1 and 
the dietary variables listed in Table 2-1 in block 2. The diet of U. arctos can be specified for 
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varying populations following Mattson (1998) either according to habitat or according to area 
(Table 2-6). Both options are used to compare the results and assess which performs better. 
The overall strength of the association between the two blocks of the 2B-PLS on habitat-
related diet is given by RV coefficient: 0.1937. A permutation test against the null hypothesis of 
independence gives p=0.0138, indicating that the two blocks are not independent. PLS1 
explains 82.5% of the total covariance with a correlation of 0.6258 between the two blocks 
(p=0.0175). 
The overall strength of the association between the two blocks of the 2B-PLS on area-related 
diet is given by RV coefficient: 0.1658. A permutation test against the null hypothesis of 
independence gives p=0.0278, indicating that the two blocks are not independent. PLS1 
explains 84.2% of the total covariance with a correlation of 0.5787 between the two blocks 
(p=0.0563). 
PLS on habitat-related diet produces a stronger association between the two blocks than 2B-
PLS on area-related diet. And, although both p-values are significant, 2B-PLS versus diet related 
to habitat gives a lower p-value. Additionally, the correlation between the two blocks is 
stronger for the 2B-PLS versus diet related to habitat and significant. 2B-PLS on diet related to 
habitat clearly performs better than the 2B-PLS versus diet related to area. Neither of the 
analyses, however, can be used for further interpretation, because the correlation between 




There is relatively little difference between the mandibles of brown bears from varying regions 
of the world (Figure 4-41). The position of the masseteric fossa is the only feature which varies 
visibly between regions. Bears from northern Asia and eastern Europe have a relatively 
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dorsally positioned masseteric fossa, whereas the bears from western Europe have a relatively 
ventrally positioned masseteric fossa. U. arctos from central Asia has a masseteric fossa which 
is positioned intermediately dorsoventrally, but slightly more caudally. All the other landmarks 
are very similar in their positions. The morphological differences between the regions are 
extremely small and there is probably no discernable mechanical difference. 
 
 
Figure 4-41: Average shape of the mandibles of U. arctos from three geographic regions. Pink: northern Asia and 
eastern Europe; blue: central Asia; green: western Europe. The line links the most rostral point on the mandible 
with the alveoli of the canine, carnassial and third molar, and the triangle links the masseteric fossa, angular 
process and the condyle. 
 
 
Figure 4-42: Average shape of the mandibles of the two subspecies of U. arctos from central Asia. Purple: U. a. 
pruinosus; green: U. a. isabellinus. The line links the most rostral point on the mandible with the alveoli of the 
canine, carnassial and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
 227 
 
Figure 4-43: Average shape of the mandibles of the three subspecies of U. arctos from northern Asia, eastern 
Europe and western Europe. Yellow: U. a. beringianus; purple: U. a. arctos; green: U. a. marsicanus. The line links 
the most rostral point on the mandible with the alveoli of the canine, carnassial and third molar, and the triangle 
links the masseteric fossa, angular process and the condyle. 
 
 
Figure 4-44: Average shape of the mandibles of U. arctos from the continent (green), the Pacific coast (purple), 
and Europe (pink). The line links the most rostral point on the mandible with the alveoli of the canine, carnassial 
and third molar, and the triangle links the masseteric fossa, angular process and the condyle. 
 
The average shapes of the varying subspecies vary much more than those of the regions. U. a. 
pruinosus and U. a. isabellinus both live in central Asia, but their morphologies are quite 
different (Figure 4-42). U. a. pruinosus has a longer tooth row than U. a. isabellinus, which is 
mostly caused by an increase in length of the grinding basin, although the distance between 
the carnassials and the canine is also somewhat larger. U. a. isabellinus has a relatively dorsally 
positioned canine, whereas in U. a. pruinosus the tooth row is relatively straight. U. a. 
pruinosus has a relatively short distance between the masseteric fossa and the condyle 
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compared to U. a. isabellinus. This gives the masseter a relatively shorter in-lever and, 
therefore, moment arm. The distance between the most caudal part of the tooth row and the 
condyle is also shorter in U. a. pruinosus than in U. a. isabellinus. 
 
 
Figure 4-45: Average shape of the mandibles of U. arctos from arctic habitats (gray), broadleaf forests (light 
green), coniferous forests (blue) and alpine habitats (green). The bears from the varying habitats are so similar 
that a line diagram would obscure the differences between them. Therefore, a dot diagram has been used in this 
instance. 
 
The three subspecies from northern Asia, eastern Europe and western Europe also vary quite a 
bit from each other (Figure 4-43). U. a. arctos has a relatively straight tooth row compared to 
the other two. U. a. beringianus has the incisors set slightly more ventrally and the M3 slightly 
more dorsally than the rest of the tooth row. U. a. marsicanus shows a similar morphology, but 
more pronounced. The masseteric fossa of U. a. beringianus is positioned much more dorsally 
than that of the other two subspecies, bringing the masseteric fossa and the caudal end of the 
tooth row very close together, which increases the gape angle at which the moment arm is 
longest. The distance between the masseteric fossa and the caudal end of the tooth row is 
similar for U. a. arctos and U. a. marsicanus, but the relative position of the caudal end of the 
tooth row is different, because U. a. arctos has a rather small grinding basin and U. a. 
marsicanus has a rather large grinding basin. The distance between the angular process and 
the condyle is larger in U. a. beringianus, than in the other two subspecies. 
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The brown bears from continental areas and Europe are quite similar to each other (Figure 
4-44). They only differ caudally where continental specimens have their angular process 
positioned more caudally relative to the condyle than specimens from Europe. European 
specimens have a slightly smaller distance between the condyle and the angular process than 
continental specimens. This results in a slightly smaller in-lever and moment arm for the 
superficial masseter. Brown bears from Europe also display a larger distance between the 
masseteric fossa and the condyle than continental bears, resulting in a longer in-lever arm of 
the deep masseter. Brown bears from the pacific coast display a different morphology to the 
other two. The distance between the incisors and the canines is relatively small. The 
masseteric fossa is located rather rostrodorsally at a large distance from the condyle. The 
angular process is located relatively ventral. These two features are an indication of large in-
lever and moment arms for the superficial and deep masseter. 
When the mandibles of U. arctos from varying habitats are compared some things can be 
observed (Figure 4-45). In general, bears from broadleaf and coniferous forests are similar to 
each other, but different from the other two habitats. Bears from coniferous forests and alpine 
habitats, both associated with high altitudes, have a relatively large distance between the 
incisors and the canines. Brown bears from the arctic, on the other hand, have a relatively 
small distance between the incisors and the canines. The grinding basin of the tooth row is 
particularly long in alpine bears. Arctic bears show relatively large distances between the 
condyle and the masseteric fossa and the condyle and the angular process. This results in 
relatively large in-lever and moment arms for the masseter, both deep and superficial. Bears 
from alpine habitats have a slightly shorter distance between the masseteric fossa and the 
condyle, but a slightly larger distance between the angular process and the condyle than bears 
from coniferous and broadleaf forests, which results in a smaller in-lever and moment arm of 
the deep masseter, but a larger in-lever and moment arm for the superficial masseter.  
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PC1 is mostly influenced by changes in the position of the angular process and the masseteric 
fossa. Higher PC1 scores indicate a more dorsocaudally located angular process and a more 
ventrorostrally located masseteric fossa, resulting in a larger attachment area for the deep 
masseter and a larger in-lever arm. 
PC2 is mostly influenced by the masseteric fossa and the caudal end of the tooth row, but the 
position of the condyle and the angular process are also of influence. Higher PC2 scores are 
associated with a relatively short grinding basin of the tooth row.  Higher PC2 scores are also 
associated with a rather rostral position of the most caudal point of the tooth row and a rather 
dorsocaudal position of the condyle, increasing the moment arm of resistance of any food 
being processed in the grinding basin. High PC2 scores also mean a ventrocaudal position of 
the masseteric fossa and a dorsorostral position of the angular process, resulting in a relatively 
small attachment area for the masseter and a short in-lever arm. Brown bears with high PC2 
scores, thus, have masseters with less mechanical advantage than brown bears with low PC2 
scores.  
PC3 is for the most part determined by changes in the position of the incisors. High PC3 scores 
are associated with a rostral position of the incisors and a caudal position of the other dental 
element. This results in a large distance between the incisors and the canines and a long tooth 
row in general. High PC3 scores are also associated with a dorsal position of the angular 
process, a caudoventral position of the massteric fossa and a rostral position of the condyle. 
This combination results in a short in-lever arm of the superficial masseter, which is the 





4.3.2 Extant and Fossil Ursus arctos 
 
4.3.2.1 Procrustes Superimposition 
 
Four fossil U. arctos were added to the Procrustes superimposition resulting in a total of 39 
extant and fossil brown bear mandibles in the dataset. The sums of squares are given as a 
measure of variance within the dataset. The Procrustes sum of squares is 0.1024 and the 
tangent sum of squares is 0.1020.  
 
4.3.2.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all U. arctos mandibles together is shown in Figure 4-46. 
The total sum of squares is 0.1020, of which 0.0060 (5.8831%) is predicted and 0.0960 is 
residual. A permutation test against independence gives p=0.0316, which is not highly 
significant, but still significant. 
The regression residuals of the regressions with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other. Two Pearson’s correlation 
coefficients are 1.000. The others do not drop below 0.985, apart from four, which still do not 




Figure 4-46: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of fossil and extant U. arctos onto the natural logarithm of centroid size (LCS) of the 
mandibulae plotted against LCS. The colours indicate the subspecies of U. arctos. One U. a. arctos from Norway is 
not plotted, because it is unknown whether it comes from the western European population or the the eastern 
European population. The four fossil U. arctos have slightly larger symbols and are filled with black.  
 
4.3.2.3 Principal Components Analysis 
 
PCA is performed on the regression residuals of the regression onto LCS for the extant and 
fossil specimens after the addition of four fossil U. arctos to the dataset (Figure 4-47). 
Pearson’s correlation coefficients for the extant specimens of both datasets (with and without 
fossils) are not very high for PCs 1 and 2 (r=0.879 and r=0.844 respectively, p=0.000) and 
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higher for PC3 (r=0.996, p=0.000). Despite the first two PCs not having ideal correlations, the 
first three PCs will be interpreted, because they are the best option available for interpreting 
fossil U. arctos, since 2B-PLS failed to provide good results for the extant specimens. 
 
 
Figure 4-47: PCs 1 and 2 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates onto LCS for all specimens of Ursus arctos. The colours indicate the subspecies of U. arctos. One U. a. 
arctos from Norway is not plotted, because it is unknown whether it comes from the wester European population 






Figure 4-48: PCs 1 and 3 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates onto LCS for all specimens of Ursus arctos. The colours indicate the subspecies of U. arctos. One U. a. 
arctos from Norway is not plotted, because it is unknown whether it comes from the western European 
population or the eastern European population. The four fossil U. arctos have slightly larger symbols and are 
filled with black. The circles specimen is an outlier and not considered in subsequent statistical assessments. 
 
Including fossils, PC1 explains 28.1% of the total variance. Fossil U. a. arctos has relatively low 
PC1 scores (Figure 4-47 and Figure 4-48). Its distribution of PC1 scores is very similar to that of 
U. a. beringianus, overlaps with the single U. a. pruinosus, but does not overlap with U. a. 
isabellinus, U. a. syriacus and U. a. marsicanus at all. In spite of coming from western Europe, 
the range of fossil U. arctos does not overlap at all with any of the other western European 
bears on PC1. 
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Including fossils, PC2 explains 17.8% of the total variance, which is 45.9% cumulatively with 
PC1. Fossil U. arctos has somewhat low PC2 scores (Figure 4-47). The range of PC2 scores of 
fossil U. arctos is very similar to that of U. a. arctos from northern Asia and eastern Europe, U. 
a. syriacus and U. a. marsicanus. Its PC2 scores also overlap with the single U. a. pruinosus. 
PC3 explains 14.1% of the total variance, which accumulates to 60.0% together with the other 
two PCs. The range of PC3 scores of fossil U. arctos falls within the range of the brown bears 
from central Asia and western Europe (Figure 4-48). There is hardly any overlap between the 
ranges of U. a. fossilis and U. a. beringianus.  
 
4.3.2.4 ANOVA and Discriminant Function Analysis 
 
To determine whether there are any significant differences between regions and subspecies 
ANOVA was conducted on the first three PCs with subspecies, broad area, habitat and specific 
region as the fixed factor and the PC scores as dependent variables. Homogeneous subsets are 
calculated with post-hoc Tukey HSD and Tukey B tests. Subsequently, DFA provides additional 
information on the most likely attribution of fossil U. arctos to any of the subspecies, areas, 
regions or habitats based on mandible morphology.  
K-S tests indicate that the data are normally distributed for subspecies, region, area and 
habitat on all three PCs. ANOVA on the subspecies of U. arctos indicates that subspecies 
attribution has a highly significant effect on PC1 (F(7,31)=3.474, p=0.007) and PC3 scores 
(excluding the outlier north American U. a. horribilis, F(6,31)=5.337, p=0.001) for this species, 
but no significant effect on PC2 (F(7,31)=1.232, p=0.315). Levene’s test of homogeneity of 
variances indicates that the variances on PC1 are not highly significantly unhomogeneous and 
the variances on PC2 and PC3 are not significantly unhomogeneous. Post-hoc Tukey tests 
cannot be performed, because U. a. pruinosus only has one specimen. This specimen has been 
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lumped with U. a. isabellinus for their geographic proximity to generate post-hoc Tukey 
results. Table 4-1 shows that fossil U. arctos does not form a homogeneous subset with all 
other subspecies together on PC1. Fossil U. arctos, however, does form a homogeneous subset 
with all subspecies excluding U. a. horribilis, which is the only subspecies not living on the 
Eurasian continent. On PC3 fossil U. arctos forms homogeneous subsets with all modern 
subspecies in varying configurations (Table 4-2). 
ANOVA performed on the region of U. arctos indicates that there are no significant effects of 
region designation on any of the first three PCs (df1=4, df2=29). Levene’s test of homogeneity 
of variances indicates that the variances on PC1 are not highly significantly different and 
variances on PC2 and PC3 are not significantly different. No post-hoc Tukey tests are 
performed, because there is no significant effect. 
Levene’s test of homogeneity of variances shows that the variances on PCs 1, 2 and 3 are not 
significantly unhomogeneous for broad area. ANOVA performed on the broad area that the 
bears are from shows that there is a significant effect of area on PCs 1 (F(3,35)=4.101, p=0.014) 
and 2 (F(3,35)=2.980, p=0.045), but not on PC3 (excluding the north American U. a. horribilis 
outlier, F(3,34)=2.720, p=0.060). Post-hoc Tukey tests show that, while the modern bears form 
a homogeneous subset amongst each other, fossil U. arctos only forms a homogeneous subset 
with pacific coastal brown bears on PC1 (Table 4-3). On PC2 there is only one homogeneous 
subset comprising of all brown bears. 
When ANOVA was performed with habitat type as fixed factor, there is a significant effect on 
PC1 (F(4,34)=3.603, p=0.015). There is no significant effect on PC2 (F(4,34)=0.505, p=0.732) 
and there is a highly significant effect on PC3 (excluding the north American U. a. horribilis 
outlier, F(4,33)=4.889, p=0.003). The variances are not significantly unhomogeneously 
distributed on PCs 1, 2 and 3. Even though the modern bears form one homogeneous subset, 
fossil U. arctos only forms a homogeneous subset with arctic and alpine modern brown bears 
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on PC1 (Table 4-4). On PC3 fossil U. arctos forms homogeneous subsets with all modern brown 
bears in different configurations (Table 4-5) 
 
Table 4-1: Results of ANOVA post-hoc Tukey tests on PC1 scores for all members of Ursus arctos split per 
subspecies. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so the 
harmonic mean of the group sizes (=3.481) is used. 
 Subspecies N Subset for alpha = 0.05 
1 2 
Tukey HSD U. a. fossilis 4 -.0356  
U. a. beringianus 4 -.0252 -.0252 
U. a. marsicanus 2 .0000 .0000 
U. a. syriacus 2 .0066 .0066 
U. a. isabellinus 9 .0067 .0067 
U. a. arctos 15 .0070 .0070 
U. a. horribilis 3  .0218 
Sig.  .208 .128 
Tukey B U. a. fossilis 4 -.0356  
U. a. beringianus 4 -.0252 -.0252 
U. a. marsicanus 2 .0000 .0000 
U. a. syriacus 2 .0066 .0066 
U. a. isabellinus 9 .0067 .0067 
U. a. arctos 15 .0070 .0070 
U. a. horribilis 3  .0218 
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Table 4-2: Results of ANOVA post-hoc Tukey tests on PC3 scores for all specimens of Ursus arctos, minus the 
outlier, per subspecies. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so 
the harmonic mean of the group sizes (=3.214) is used. 
 Subspecies N Subset for alpha = 0.05 
1 2 
Tukey HSD U. a. beringianus 4 -.0140  
U. a. syriacus 2 -.0121  
U. a. marsicanus 2 -.0117  
U. a. fossilis 4 .0000 .0000 
U. a. isabellinus 9 .0001 .0001 
U. a. arctos 15 .0096 .0096 
U. a. horribilis 2  .0198 
Sig.  .081 .215 
Tukey B U. a. beringianus 4 -.0140  
U. a. syriacus 2 -.0121  
U. a. marsicanus 2 -.0117  
U. a. fossilis 4 .0000 .0000 
U. a. isabellinus 9 .0001 .0001 
U. a. arctos 15 .0096 .0096 
U. a. horribilis 2  .0198 
 
Lastly, stepwise DFA was performed on four a priori groups based on habitat. The first three 
PCs were used as independent variables. This yields one canonical discriminant function based 
on all three PCs that accounts for 100.0% of the variance. This function separates the three 
groups highly significantly (Λ=0.577, χ2(3)=17.310, p=0.001). When all groups have equal prior 
probabilities, 60.0% of the original grouped specimens and 54.3% of the cross-validated 
grouped specimens are correctly classified. When prior probabilities are calculated from group 
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size, 62.9% of the original and 51.4% of the cross-validated grouped specimens are correctly 
classified. These validation and cross-validation results are not high enough to continue 
interpreting the results. 
Stepwise DFA was performed on U. arctos using seven a priori groups based on subspecies and 
five a priori groups based on region. The first three PCs were used as independent variables. 
None of the PCs is qualified for either of the analyses with α=0.01 or α=0.05. 
 
Table 4-3: Results of ANOVA post-hoc Tukey tests on the PC1 scores for all specimens of Ursus arctos per broad 
area. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic 
mean of the group sizes (=6.850) is used. 
 Broad area N Subset for alpha = 0.05 
1 2 
Tukey HSD Fossil U. arctos 4 -.0356  
Pacific coastal 5 -.0110 -.0110 
European 14  .0062 
Continental 16  .0069 
Sig.  .244 .515 
Tukey B Fossil U. arctos 4 -.0356  
Pacific coastal 5 -.0110 -.0110 
European 14  .0062 
Continental 16  .0069 
 
Stepwise DFA was also performed using four a priori groups based on area. The first three PCs 
were used as independent variables. This yields one canonical discriminant function based on 
all three PCs that accounts for 100.0% of the variance. This function separates the six groups 
highly significantly (Λ=0.665, χ2(2)=13.045, p=0.001). When all groups have equal prior 
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probabilities, 45.7% of the original grouped specimens and 42.9% of the cross-validated 
grouped specimens are correctly classified. When prior probabilities are calculated from group 
size, 48.6% of the original and cross-validated grouped specimens is correctly classified. These 
validation and cross-validation results are not high enough to continue interpreting the results.  
 
Table 4-4: Results of ANOVA post-hoc Tukey tests on the PC1 scores for all specimens of Ursus arctos per habitat 
type. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic 
mean of the group sizes (=5.748) is used. 
 Habitat N Subset for alpha = 0.05 
1 2 
Tukey HSD Fossil U. arctos 4 -.0356  
Arctic 5 -.0110 -.0110 
Alpine 4 -.0084 -.0084 
Coniferous forest 17  .0082 
Broadleaf forest 9  .0101 
Sig.  .309 .560 
Tukey B Fossil U. arctos 4 -.0356  
Arctic 5 -.0110 -.0110 
Alpine 4 -.0084 -.0084 
Coniferous forest 17  .0082 
Broadleaf forest 9  .0101 
 
Lastly, stepwise DFA was performed on four a priori groups based on habitat. The first three 
PCs were used as independent variables. This yields one canonical discriminant function based 
on all three PCs that accounts for 100.0% of the variance. This function separates the three 
groups highly significantly (Λ=0.577, χ2(3)=17.310, p=0.001). When all groups have equal prior 
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probabilities, 60.0% of the original grouped specimens and 54.3% of the cross-validated 
grouped specimens are correctly classified. When prior probabilities are calculated from group 
size, 62.9% of the original and 51.4% of the cross-validated grouped specimens are correctly 
classified. These validation and cross-validation results are not high enough to continue 
interpreting the results. 
 
Table 4-5: Results of ANOVA post-hoc Tukey tests on the PC3 scores for all specimens of Ursus arctos, minus the 
outlier, per habitat type. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, 
so the harmonic mean of the group sizes (=5.435) is used. 
 Habitat N Subset for alpha = 0.05 
1 2 
Tukey HSD Arctic 4 -.0140  
Alpine 4 -.0046 -.0046 
Broadleaf forest 9 -.0017 -.0017 
Fossil U. arctos 4 .0000 .0000 
Coniferous forest 17  .0101 
Sig.  .258 .218 
Tukey B Arctic 4 -.0140  
Alpine 4 -.0046 -.0046 
Broadleaf forest 9 -.0017 -.0017 
Fossil U. arctos 4 .0000 .0000 







Although fossil U. arctos is quite similar to modern brown bears from the Pacific coast, there 
are some minor differences (Figure 4-49). The main difference between the fossil bears and 
the bears from the Pacific coast on the one side, and the bears from Europe and the 
continental areas on the other side is the position of the masseteric fossa, which is relatively 
dorsal in fossil bears and bears from the Pacific coast. This causes the moment arm of the 
masseter to be longest when the jaw is rather widely opened. The morphological differences 
between these four groups of bears are, however, minimal and there might not be any actual 
mechanical differences 
Fossil U. arctos is generally more similar to modern brown bears from an alpine habitat than 
from an arctic habitat. Caudally, however, fossil U. arctos shows an intermediate morphology 
between the two. All five groups of bears have very similar morphologies and there is probably 
no real mechanical difference between them. 
 
 
Figure 4-49: Average shape of the mandibles of modern U. arctos from the Pacific coast (light grey), the continent 
(blue), Europe (green) and fossil U. arctos from Europe (orange). Points have been used instead of lines, as the 




Figure 4-50: Average shape of the mandibles of modern U. arctos from an arctic habitat (pink), an alpine habitat 
(blue), broad leaf forest (green), coniferous forest (purple) and fossil U. arctos from Europe (dark grey). Points 
have been used instead of lines, as the latter would obscure the differences. 
 
4.3.3 Fossil Ursus spelaeus and Ursus deningeri 
 
U. spelaeus and U. deningeri were analysed separately to discern intraspecific variation. The 
various subspecies and localities are the same as used above and are given in Table 4-1 and 
Table 4-2. 
 
4.3.3.1 Procrustes Superimposition 
 
Procrustes superimposition was performed on 89 U. spelaeus and two U. deningeri. The sums 
of squares are given as a measure of variance within the dataset. The Procrustes sum of 





4.3.3.2 Allometric Correction 
 
The result of the pooled regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all U. spelaeus and U. deningeri mandibles together is 
shown in Figure 4-51. The total sum of squares is 0.1888, of which 0.0184 (9.7627%) is 
predicted and 0.1704 is residual. A permutation test against independence gives p<0.0001, 
which indicates that the landmark configurations are not independent of centroid size.  
 
  
Figure 4-51: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the cave bear lineage (U. spelaeus and U. deningeri) onto the natural logarithm of 
centroid size (LCS) of the mandibulae pooled per species plotted against LCS. The colours indicate the subspecies 
within the cave bear lineage. The two fossil U. deningeri have slightly larger symbols and are filled with black. 
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A test for common slopes shows that U. deningeri has differing slopes from U. spelaeus on all 
Procrustes coordinates, apart from Procrustes coordinates 1, 6 and 15 (Appendix B: Table B-93 
to Table B-110). This is due to the fact that there are only two U. deningeri specimens available 
for this analysis, which results in the absence of a confidence interval. Since U. spelaeus and U. 
deningeri are one evolutionary lineage, it is assumed that the slopes of the regression analyses 
are the same for both species.  
 
4.3.3.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the pooled regression onto LCS for U. 
spelaeus and U. deningeri. Based on the results of a scree plot, only the first four PCs were 
considered. 
PC1 explains 17.0% of the total variance. There is no clear separation between any of the 
subspecies or areas on PC1 (Figure 4-52). Some things, however, may be noted. U. s. spelaeus 
has a relatively narrow range on PC1, much narrower than on PC2 for example. Also, U. s. 
spelaeus seems to comprise two groups. These groups are, however, not related to locality and 
may be of a temporal nature, or coincidental. The specimens from central Europe are the same 
as the specimens belonging to U. s. spelaeus with two additions. One specimen from 
Sybillenhöhle, which has a relatively high PC1 score within the narrow range described above, 
and one specimen from Erpfingen, which has a score intermediate between the two 
aforementioned groups. The PC1 values of the two U. deningeri  specimens are very similar to 
each other. The single U. s. spelaeus specimen from southwestern Europe has a very similar 
PC1 score to the U. deningeri  specimen from the same area, and, therefore, also to the other 
U. deningeri specimen. The PC1 score of U. s. deningeroides is not very different from U. 
deningeri, but it is not identical either. No clear relationship of morphology with latitude or 
altitude can be discerned on PC1 (Figure 4-52). 
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Figure 4-52: PCs 1 and 2 of the PCA on the regression residuals of U. spelaeus and U. deningeri after a pooled 
regression analysis of the Procrustes coordinates onto LCS. The colours indicate the subspecies of U. spelaeus. 
The two U. deningeri are filled with black. 
 
PC2 explains 16.8% of the total variance, which is 33.8% together with PC1. There is no clear 
separation on PC2 between the subspecies or regions (Figure 4-52). U. s. spelaeus covers 
almost the entire range of PC2 scores covered by U. spelaeus in contrast to its distribution on 
PC1. The two bears that come from south eastern Europe have very similar PC2 scores to each 
other. The two U. s. ladinicus also have very similar PC2 scores to each other, as well as the 




Figure 4-53: PCs 3 and 4 of the PCA on the regression residuals of U. spelaeus and U. deningeri after a pooled 
regression analysis of the Procrustes coordinates onto LCS. The colours indicate the subspecies of U. spelaeus. 
The two U. deningeri are filled with black. 
 
PC3 explains 11.9% of the total variance, which accumulates to 45.6% together with PCs 1 and 
2. PC3 does not create clear separation between any of the subspecies or regions for U. 
spelaeus, but some tendencies do become clear (Figure 4-53).  U. s. eremus has a relatively 
small range of PC3 scores that is somewhat on the higher side. The two U. deningeri specimens 
have PC3 scores that are much more different from each other than their PC1, PC2 or PC4 
scores (see below).  There is a tendency for bears from higher latitudes to have somewhat 
higher PC3 scores than bears from lower latitudes (Figure 4-53). 
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PC4 explains 11.2% of the total variance, which accumulates to 56.8% in combination with the 
lower order PCs. PC4, again, does not create clear separation in any way. Some trends are, 
however, visible (Figure 4-53). The PC4 scores of the two U. s. ladinicus specimens are very 
close to each other. U. s. spelaeus has rather low PC4 scores, as well as the other bears from 
central Europe, for which subspecies has not been determined. The cave bears from 
northeastern Europe also have relatively low PC4 scores, very similar in range to the bears 
from central Europe. U. deningeri has rather high PC4 scores, which are relatively close 
together.  The bears from southeastern Europe have rather similar PC4 scores as well. There is 
also a tendency for bears from higher latitudes to have higher PC4 scores than bears from 
lower latitudes. The effect on PCs 3 and 4 together can be seen in Figure 4-53 as larger 
symbols towards the upper right hand corner and smaller symbols towards the lower left hand 
corner. 
 
4.3.3.4 (M)AN(C)OVA and Linear Regression 
 
To determine whether there are any significant differences between areas and subspecies or 
gradients along latitude or altitude (M)AN(C)OVA and linear regression was performed on the 
first four PCs with subspecies and area as fixed factors, latitude and altitude as covariates and 
PC scores as dependent variables. A K-S test indicates that the data are normally distributed 
for each area and subspecies on the first four PCs.  Levene’s tests for homogeneity of variances 
indicate that the variances of area and subspecies are homogeneous on all four PCs. There are 
no significant results for the ANOVA, MANCOVA and linear regression analyses on PCs 1 and 2 
using subspecies, area, latitude and altitude as independent variables.  
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Equation 4-1: Equation for PC4 scores of U. spelaeus and U. deningeri, based on a stepwise linear regression. 
                           
 
ANOVA and linear regression with subspecies, area, latitude and altitude as independent 
variables does not give significant results on PC3 either. ANCOVA, however, does give a 
significant result on PC3 using area as fixed factor and latitude and altitude as covariates. Area 
(F(5,83)=2.690, p=0.026), altitude (F(1,83)=5.599, p=0.020) and latitude (F(1,83)=10.207, 
p=0.002) have a significant effect on PC3. Of course one must keep in mind that these three 
variables are all geographical and thus also related to each other. 
ANOVA indicates that area has a significant effect on PC4 (F(5,85)=3.424, p=0.007), yet Tukey 
post-hoc tests only give one homogeneous subset. Stepwise linear regression analysis on PC4 
(entry criterion α=0.05) results in the inclusion of only latitude in the regression equation 
(Equation 4-1). 
 
4.3.3.5 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares analysis was performed on the regression residuals of the 
pooled regression onto LCS in block 1 and latitude and altitude in block 2. Neither of the PLS 
axes has a significant correlation between the two blocks, despite PLS1 explaining 100.0% of 
the covariance. The overall strength of the association between the two blocks is given by the 
RV coefficient: 0.0313, which is very low. A permutation test against the null hypothesis of 
independence gives a non-significant result, indicating that the two blocks could be completely 





As the bears belong to varying subspecies and come from varying regions, but all have very 
similar PC scores, it was not deemed useful to compare their shapes with each other. The 
shape changes associated with each PC will be discussed instead, because they provide 
information on the variation between specimens.  
 
Figure 4-54: Shape changes associated with a positive change of 0.1 on PC1 (dark blue) for U. spelaeus and U. 
deningeri as compared to the consensus shape (light blue). The line links the most rostral point on the mandible 
(1) with the alveoli of the canine (7), carnassial (6) and third molar (5), and the triangle links the masseteric fossa 
(2), angular process (3) and the condyle (4). 
 
Figure 4-55: Shape changes associated with a positive change of 0.1 on PC2 (dark blue) for U. spelaeus and U. 
deningeri as compared to the consensus shape (light blue). The line links the most rostral point on the mandible 
(1) with the alveoli of the canine (7), carnassial (6) and third molar (5), and the triangle links the masseteric fossa 
(2), angular process (3) and the condyle(4). 
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The shape changes associated with a positive change on PC1 of 0.1 can be found, for the most 
part, in the position of the most distal point of the dentition (Figure 4-54). Higher PC1 scores 
are associated with a more caudal and slightly more ventral position of the distal end of the 
grinding basin of the tooth row. Changes in the rostral part of the dentition cause the entire 
toothrow to be longer than the consensus shape. The lever system of condyle, masseteric 
fossa and angular process is turned slightly counter clockwise, due to a more dorsocaudal 
position of the angular process, a more dorsoventral position of the masseteric fossa and a 
more dorsorostral position of the condyle. This gives the masseter the longest moment arm at 
a wider gape angle. 
 
Figure 4-56: Shape changes associated with a positive change of 0.1 on PC3 (dark blue) for U. spelaeus and U. 
deningeri as compared to the consensus shape (light blue). The line links the most rostral point on the mandible 
(1) with the alveoli of the canine (7), carnassial (6) and third molar (5), and the triangle links the masseteric fossa 
(2), angular process (3) and the condyle(4). 
 
The shape changes associated with a positive change of 0.1 on PC2 are mostly determined by 
the relative positions of the M3 and the angular process (Figure 4-55). Higher PC2 scores are 
related to a relatively dorsocaudal position of the M3. Additionally, the angular process is 
positioned relatively dorsally. The position of the condyle does not change much. Combined 
this results in a relatively shorter in-lever and, thus, moment arm for the superficial masseter 
for bears with high PC2 scores. There are also some additional smaller changes in the shape of 
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the toothrow. High PC2 scores are associated with rather ventrally positioned carnassials. And 
the incisors and canines are positioned more dorsally and slightly more caudally and rostrally 
respectively.  
The shape changes associated with changes in PC3 scores are for a large part governed by 
changes related to the tooth row (Figure 4-56). Higher PC3 scores mean that the most rostral 
part of the toothrow is positioned more ventrally, whereas the caudal part of the tooth row is 
positioned more dorsally. This gives the tooth row a broken stick shape compared to the 
consensus. The condyle and the masseteric fossa also change in opposite directions to each 
other, whereas the angular process is displaced more ventrorostrally for bears with higher PC3 
scores, resulting in a larger moment arm for the superficial masseter and even more so for the 
deep masseter. 
 
Figure 4-57: Shape changes associated with a positive change of 0.1 on PC4 (dark blue) for U. spelaeus and U. 
deningeri as compared to the consensus shape (light blue). The line links the most rostral point on the mandible 
(1) with the alveoli of the canine (7), carnassial (6) and third molar (5), and the triangle links the masseteric fossa 
(2), angular process (3) and the condyle(4). 
 
The shape changes associated with PC4 are most pronounced in the positions of the angular 
process and the M3 (Figure 4-57). Higher PC4 scores indicate that the distance between the M3 
and the most rostral part of the mandible is decreased, making the tooth row shorter. The 
position of the angular process changes relatively much in a ventrocaudal direction, increasing 
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the attachment area of the masseter. There are no major additional changes in the tooth row 
other than the position of the canine, which is positioned more ventrocaudally, making  the 
distance between the canine and the carnassials relatively short. 
 
4.3.4 Fossil Alpine Ursus spelaeus 
 
U. spelaeus specimens from the Alps were analysed separately to discern intraspecific 
variation. This area was chosen, because here most work has been done on identifying 
subspecies by other workers (see the Introduction for a summary). The various localities and 
subspecies are a subset of those used above and are indicated in Table 4-1 and Table 4-2 with 
an asterix. 
 
4.3.4.1 Procrustes superimposition 
 
Procrustes superimposition was performed on 56 U. spelaeus from the Alps. The sums of 
squares are given as a measure of variance within the dataset. The Procrustes sum of squares 
is 0.1119 and the tangent sum of squares is 0.1116.  
 
4.3.4.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all Alpine U. spelaeus mandibles is shown in Figure 4-58. 
The total sum of squares is 0.1116, of which 0.0123 (11.0%) is predicted and 0.0993 is residual. 
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A permutation test against independence gives p<0.0001, which indicates that the landmark 
configurations are not independent of centroid size.  
 
  
Figure 4-58: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the Alpine cave bear onto the natural logarithm of centroid size (LCS) of the 






4.3.4.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the pooled regression onto LCS for the 




Figure 4-59: PCs 1 and 2 of the PCA on the regression residuals of Alpine U. spelaeus after a regression analysis of 
the Procrustes coordinates onto LCS. The colours indicate the subspecies of U. spelaeus.  
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PC1 explains 22.2% of the total variance. There is no clear separation between any of the 
subspecies or localities on PC1 (Figure 4-59). It may, however, be noted that U. spelaeus from 
Merkensteinhöhle has relatively low PC1 scores.  
PC2 explains 19.0% of the total variance, which is 41.2% together with PC1. There is only slight 
separation on PC2 between the subspecies and localities (Figure 4-59). Specimens from the 
Schwabenreithhöhle have relatively high PC2 scores, higher than the other specimens 
belonging to U. s. eremus from other localities. The specimens from Gamssulzenhöhle also 
have relatively high PC2 scores with only one exception. The specimens from 
Merkensteinhöhle on the other hand have relatively low PC2 scores. Specimens from the 




To determine whether there are any significant differences between localities and subspecies 
ANOVA was performed on the first two PCs with subspecies or locality as fixed factors and the 
PC scores as dependent variables. K-S tests show that the data are normally distributed for 
both subspecies and locality. 
ANOVA was performed on PCs 1 and 2 with subspecies as fixed factor excluding U. s. indet.. 
Levene’s test for homogeneity of variances indicates that the variances are not significantly 
unhomogeneous on both PCs. There is no significant effect of subspecies on either of the PCs 
(df1=3, df2=31). 
Levene’s test for homogeneity of variances indicates that the variances are not statistically 
significantly unhomogeneous on either of the PCs for an ANOVA with locality as fixed factor. 
Locality does not have a significant effect on either of the first two PCs (df1=11, df2=44). When 
all smaller localities are removed from the dataset and only localities with five or more 
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specimens are included the results are slightly different. Levene’s test for homogeneity of 
variances indicates that the variance is not significantly unhomogeneous on PC2 and not highly 
significantly unhomogeneous on PC1. Locality now has a significant effect on PC2 
(F(3,37)=3.031, p=0.041). Post-hoc Tukey tests indicate that although the bears from Torrener 
Bärenhöhle and Schwabenreithhöhle can form homogeneous subsets with both bears from 
the Merkensteinhöhle and bears from the Gamssulzenhöhle, bears from the Merkensteinhöhle 
and Gamssulzenhöhle cannot form a homogeneous subset together (Table 4-6). 
 
Table 4-6: Results of ANOVA post-hoc Tukey tests on PC2 scores for the members of U. spelaeus from the Alps per 
locality. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic 
mean of the group sizes (=7.962) is used. 
 Locality N Subset for alpha = 0.05 
1 2 
Tukey HSD Merkensteinhöhle 6 -.0125  
Torrener Bärenhöhle 17 .0017 .0017 
Schwabenreithhöhle 5 .0074 .0074 
Gamssulzenhöhle 13  .0099 
Sig.  .066 .717 
Tukey B Merkensteinhöhle 6 -.0125  
Torrener Bärenhöhle 17 .0017 .0017 
Schwabenreithhöhle 5 .0074 .0074 





4.3.4.5 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares (2B-PLS) was performed on the regression residuals of the 
pooled regression onto LCS in block 1 and latitude and altitude in block 2. Neither of the PLS 
axes has a significant correlation between the two blocks, despite PLS1 explaining 100.0% of 
the covariance. The overall strength of the association between the two blocks is given by the 
RV coefficient: 0.0367. And a permutation test against the null hypothesis of independence 
gives a non-significant result, indicating that the two blocks could be independent of each 




The bears from all four caves share very similar morphologies (Figure 4-60). The tooth row of 
the bears from Merkensteinhöhle is much straighter than the tooth rows of the bears from the 
other three caves, which have elevated canine alveoli. Bears from the Schwabenreithhöhle 
have the shortest distances between the condyle and the masseteric fossa and the angular 
process, resulting in the shortest in-lever and, therefore, moment arms for the superficial and 
deep masseter. The bears from Gamssulzenhöhle have a similar distance between the condyle 
and the angular process as the bears from Schwabenreithhöhle, but the distance between the 
condyle and the masseteric fossa is slightly larger. The bears from Torrener Bärenhöhle display 
a distance between the condyle and the masseteric fossa which is similar to the bears from 
Gamssulzenhöhle, but the distance between the condyle and the angular process is larger. The 
bears from Merkensteinhöhle show distances between the condyle and the masseteric fossa 
and the angular process, which are larger than for the bears from any of the other caves, giving 
it the largest in-lever and moment arms for the deep and superficial masseters. The 
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morphological differences between the caves are, however, very small and possibly only the 
bears from Merkensteinhöhle had a different biomechanical masticatory system. 
The shape changes associated with PC1 are mostly visible in the caudal part of the mandible. 
Higher PC1 scores are associated with a relatively caudodorsal position of the angular process, 
and a relatively ventral position of the masseteric fossa. The condyle also moves slightly 
caudoventrally for higher PC1 scores. This, together with the angular process and massteric 
fossa, results in a relatively short in-lever and, thus, moment arm for the superficial masseter 
and a relatively long in-lever and moment arm for the deep masseter. Additionally, there are 
some relatively minor changes in the tooth row. High PC1 scores indicate a rather dorsal 
position of the alveoli of the incisors and canines and a relatively ventral position of the alveoli 
of the carnassials and third molars.  
 
 
Figure 4-60: Average shapes of the mandibles of U. spelaeus from Torrener Bärenhöhle (gray), Gamssulzenhöhle 
(green), Schwabenreithhöhle (yellow) and Merkensteinhöhle (bordeaux). The bears from the varying caves are so 
similar that a line diagram would obscure the differences between them. Therefore, a dot diagram has been used 
in this instance. 
 
Shape changes associated with PC2 are most clear in the masseteric fossa and the distal part of 
the tooth row. High PC2 scores are associated with a relatively dorsocaudal position of the 
masseteric fossa. In combination with relatively minor changes in the condyle (caudoventral) 
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and the angular process (rostrodosral), this leads to a small distance between the masseteric 
fossa and the angular process, and the condyle, resulting in small in-lever and moment arms 
for the deep and superficial masseter. High PC2 scores are also associated with a relatively 
ventrorostral position of the most caudal part of the M3 alveolus and a dorsoventral position of 
the alveolus of the canine. The incisors and the carnassials only move slightly ventrocaudally. 
Combined this results in a relatively elevated canine and a rather small grinding basin for high 
PC2 scores.  
 
4.3.5 Methodological Comments 
 
The differences between the DFA results of the dataset with all U. spelaeus and the dataset 
with only a subset of U. spelaeus are for a large part caused by the fact that the DFA including 
all U. spelaeus incorporated only PC1, whereas the DFA including only a subset of U. spelaeus 
used the first three PCs. As can be seen from the PCA scatterplots (Figure 4-2 and Figure 4-3), 
PC1 shows the clearest relationship with most important food item in the diet. So the analysis 
based on PC1 is possibly more likely to give a good prediction regarding most important food 




Chapter 5 Results Temporalis Mandibular Morphology 
 
5.1 Mandibulae of Ursidae 
 
One hundred and ninety three (193) specimens in total were digitised with six landmarks 
related to temporal muscle functional morphology (indicated with T in Table 2-3) and were 
analysed; frequencies per species are displayed in Table 5-1. One hundred and eight (108) 
extant Ursidae specimens were analysed first and 84 fossil specimens were added to the 
dataset later. Subsequently, a narrow allometry approach was applied and 73 extant 
specimens belonging to the genus Ursus were analysed and 84 fossil specimens were added to 
the dataset later. Lastly, U. arctos and U. spelaeus were analysed separately to assess 
intraspecific variation. 
 
Table 5-1: Numbers of mandibulae per species used for the analyses with six landmarks focusing on the masseter. 
Species Age Fre-
quency 
 Species Age Fre-
quency 
Ailuropoda melanoleuca Holocene 5  Ursus arctos Holocene 41 
Helarctos malayanus Holocene 4  Ursus arctos Pleistocene 3 
Melursus ursinus Holocene 18  Ursus deningeri Pleistocene 1 
Tremarctos ornatus Holocene 8  Ursus maritimus Holocene 13 
Ursus americanus Holocene 9  Ursus spelaeus Pleistocene 80 
    Ursus thibetanus Holocene 10 
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5.1.1 Extant Ursidae 
 
5.1.1.1 Procrustes Superimposition 
 
Six landmarks in three dimensions of 108 extant bear specimens were subjected to Procrustes 
superimposition. The Procrustes sum of squares is 0.4655 and the tangent sum of squares is 
0.4617. The resulting Procrustes coordinates are used for the following regression analysis. 
 
5.1.1.2 Allometric Correction 
 
The result of the regression analysis on the Procrustes coordinates onto LCS pooled per species 
is shown in Figure 5-1. The total sum of squares is 0.1669, of which 0.0137 (8.2240%) is 
predicted and 0.1532 is residual. A permutation test against independence gives p<0.0001, 
indicating that the morphology of the landmark configurations is not independent of centroid 
size.  
The 95% confidence intervals of the slopes of individual regression analyses per species 
generally overlap, but there are a few exceptions (Appendix B: Table B-111 to Table B-112)  . 
Out of 18 Procrustes coordinates two slopes do not have an overlap for all species, both 
caused by M. ursinus. Although it is possible that there is a real difference in the allometry of 
this species, this seems unlikely because it is only the case for two out of 18 Procrustes 
coordinates. Therefore, the regression residuals of the pooled regression analysis performed 





Figure 5-1: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the extant Ursidae onto the natural logarithm of centroid size (LCS) of the 
mandibulae pooled per species plotted against LCS.  
 
5.1.1.3 Principal Components Analysis 
 
Principal components analysis (PCA) was performed on the regression residuals of the 
regression onto LCS pooled per species. Based on the results of a scree plot, only the first two 
PCs were considered. 
PC1 explains 42.8% of the total variance. PC1 separates bears that eat foliage (A. melanoleuca) 
from the other bears, having the highest PC1 scores (Figure 5-2). The other dietary categories 
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are not clearly separated, but distinctions can be made. Bears that eat mostly insects (H. 
malayanus and M. ursinus), hard mast (U. thibetanus) and vertebrates (U. maritimus) have 
relatively low PC1 scores. Bears that eat primarily soft mast (U. arctos, U. americanus and T. 
ornatus) have intermediate PC1 scores. 
 
 
Figure 5-2: PCs 1 and 2 of the PCA on the regression residuals of the extant species after a regression analysis of 
the Procrustes coordinates onto LCS pooled per species. The colours indicate the most important food item.  
 
PC2 explains 20.5% of the total variance, which is 63.3% cumulatively together with PC1. PC2 
separates insectivorous bears from carnivorous bears, whereas bears that have hard mast as 
most important food item display intermediate scores (Figure 5-2). Additionally, PC2 
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distinguishes between H. malayanus, having very low scores, and M. ursinus, having low-
intermediate scores. There are no clear differences between U. arctos and U. americanus, 
which both have intermediate PC2 scores. T. ornatus generally has lower PC2 scores than both 
U. arctos and U. thibetanus. 
 
5.1.1.4 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares (2B-PLS) was performed on the regression residuals of the 
regression onto LCS pooled per species in block 1, and latitude, altitude and the climatic 
variables listed in Table 2-1 in block 2. Moisture Index is not included for simplicity. Based on a 
scree plot and the criterion of high significance only the first PLS axis was considered for 
interpretation.  
The overall strength of the association between the two blocks is given by RV coefficient: 
0.1985. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent.  
PLS1 explains 99.1% of the total covariance with a correlation of 0.4887 between the two 
blocks (p<0.0001). PLS1 separates A. melanoleuca from the other bear species for having 
relatively high PLS1 scores (Figure 5-3). H. malayanus, M. ursinus and U. maritimus have 
relatively low PLS1 scores. T. ornatus, U. arctos and U. americanus are intermediate, and U. 
thibetanus has somewhat lower PLS1 scores than the latter. In block 2, PLS1 is mostly 
determined by altitude.  
Another 2B-PLS was performed on the regression residuals of the regression onto LCS pooled 
per species in block 1, and the dietary variables listed in Table 2-1 in block 2. Based on the 
results of a scree plot and the criterion of high significance, only the first three PLS axes were 
considered for interpretation. 
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Figure 5-3: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant species after a regression 
analysis of the Procrustes coordinates onto LCS pooled per species, and latitude, altitude and the climatic 
variables listed in Table 2-1.  
 
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.4939. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent. 
PLS1 explains 67.2% of the total covariance with a correlation of 0.8889 between the two 
blocks (p<0.0001). And PLS2 explains 26.9% of the total covariance with a correlation between 
blocks of 0.7127 (p<0.0001). In block 1, PLS axes 1 and 2 work together to separate the species 
(Figure 5-4). From the upper left corner of the graph to the lower right corner of the graph 




lower right group only consists of A. melanoleuca and all other species are intermediate. From 
the right upper corner to the lower left corner two distinct groups can also be seen. The lower 
left group encompasses H. malayanus and M. ursinus. All other species are intermediate to 
high. Block 2 shows that the first grouping covaries with the relative amounts of foliage and 
vertebrates in the diet, whereas the second grouping covaries with the amount of 
invertebrates in the diet. 
 
 
Figure 5-4: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant species after a regression 







PLS3 explains 5.2% of the total covariance between the blocks with a correlation of 0.7525 
(p<0.0001). A. melanoleuca has high PLS3 scores, whereas for the other bear species PLS3 
scores show an inverse relation with PLS1 scores (Figure 5-5). In block 2 PLS3 is mostly 
associated with the relative amount of soft mast in the diet.  
 
 
Figure 5-5: PLS axes 1 and 3 of the PLS on the regression residuals of the extant species after a regression analysis 









Figure 5-6 displays the average shapes for the groups of species that have high, low and 
intermediate PC1 scores. U. thibetanus, U. maritimus, H. malayanus and M. ursinus have 
relatively short tooth rows, mostly due to a shortening of the grinding basin. This also gives the 
resistance of the food particles being grinded a much longer in-lever arm, and, thus moment 
arm. Additionally, their tooth rows are rather straight.  A. melanoleuca has the most concave 
tooth row, whereas U. arctos, U. americanus and T. ornatus have tooth rows characterised by 
a convex rostral part and a concave caudal part. The coronoid process of U. thibetanus, H. 
malayanus, M. ursinus and U. maritimus is positioned rather caudally, whereas the coronoid 
process of A. melanoleuca is positioned rather rostrally. T. ornatus, U. arctos and U. 
americanus are intermediate in this respect.  Additionally, the coronoid process of A. 
melanoleuca is much higher than that of the other bears. This gives its temporal muscle a 
much longer in-lever and moment arm. A. melanoleuca, thus, has the most effective jaw with 
respect to temporal muscle function, having the longest in-lever and moment arms for the 
temporal muscle and the shortest for the resistance force of the food particles, which gives the 
temporalis the highest level of mechanical advantage. The temporal muscles of faunivorous 
bears and U. thibetanus have much less mechanical advantage.  
T. ornatus is very similar to U. americanus and U. arctos, but U. americanus and U. arctos are 
almost identical (Figure 5-7). U. arctos has a slightly larger distance between the canine and 
the carnassials and U. americanus has a slightly larger grinding basin. Also, the coronoid 
process of U. arctos is a fraction higher than that of U. americanus. These differences are, 
however, barely observable.  T. ornatus is slightly different from the other two in having a 
relatively long grinding basin and a short distance between the carnassials and the canines. 
Additionally, the coronoid process is positioned slightly higher than in the other two species. 
The morphology of T. ornatus indicates that this species has a temporal muscle with slightly 
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more mechanical advantage than the other two. It is more adapted to grinding its food, rather 




Figure 5-6: Average shapes of the mandibles. Dark pink: Ailuropoda melanoleuca (high PC1 scores; most 
important food item: foliage); green: T. ornatus, U. americanus and U. arctos (intermediate PC1 scores; most 
important food item: soft mast); light pink: U. maritimus, U. thibetanus, Helarctos malayanus and Melursus 
ursinus (low PC1 scores; most important food item: hard mast, vertebrates or invertebrates). The line links the 
most rostral point on the mandible with the alveoli of the canine, carnassial and third molar, and the triangle 
links the third molar, most dorsal point on the coronoid process and the condyle. 
 
M. ursinus, H. malayanus, U. maritimus and U. thibetanus (Figure 5-8) display some more 
variation than the intermediate group (Figure 5-7). U. maritimus has a rather convex tooth 
row, whereas the other species have concave tooth rows. H. malayanus and U. thibetanus 
have relatively long grinding basins, whereas M. ursinus has the shortest grinding basin. U. 
thibetanus has a rather short distance between the third molar and the condyle, indicating 
that any food particles at this position in the tooth row have relatively short in-lever and 
moment arms.  For H. malayanus, the distance between the most rostral point on the 
mandible and the canines is large compared to the other species.  The coronoid process of H. 
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malayanus is positioned much higher relative to the condyle than that of the other species. 
This indicates a long in-lever, and consequently moment arm, for the temporal muscle. The 
condyle of M. ursinus is positioned caudally compared to the other species. 
 
 
Figure 5-7: Average shapes of the mandibles of the species with intermediate PC1 scores. Green: U.americanus; 




Figure 5-8: Average shapes of the mandibles of the species with low PC1 scores. Blue: M. ursinus; green: H. 
malayanus; red: U. maritimus; purple: U. thibetanus. The line links the most rostral point on the mandible with 
the alveoli of the canine, carnassial and third molar, and the triangle links the third molar, most dorsal point on 
the coronoid process and the condyle. 
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The shape changes associated with PC1 and PLS1 of both analyses are the same. They are 
mainly based on the position of the most caudal point of the alveolus of the M3. High PC1 and 
PLS1 scores indicate that this point is located more ventrocaudally, increasing the in-lever arm 
of food at that position and low scores indicate the reverse. Additionally, high PC1 and PLS1 
scores are associated with a relatively dorsorostrally located coronoid process, increasing the 
in-lever and moment arm of the temporalis and a more dorsal position of the rostral dental 
elements. 
The shape changes associated with PC2 are very similar to those associated with PLS2 of the 
analysis on diet. PC2 scores are mostly influenced by differences in the position of the 
coronoid process, whereas PLS2 is influence equally by all landmarks, apart from the condyle, 
which hardly contributes anything. Morphological features associated with high PC2 and PLS2 
scores are a relatively low coronoid process,decreasing the in-lever and moment arm of the 
temporalis, a rostrodorsally located condyle and a dorsocaudally located M3 alveolus. The 
positions of the anterior dental elements and the carnassial are also important, being more 
ventrally and more dorsally, respectively, for higher scores. A rostral position of the canine is 
also associated with high PC2 and PLS2 scores.  
The shape changes associated with PLS3 of the 2B-PLS on diet are mainly based on the position 
of the carnassials. High PLS3 scores mean that the carnassials are located rather caudally and 
the canines and condyle rather rostrally. The tip of the coronoid process is positioned more 
dorsocaudally relative to the condyle for higher scores, indicating more mechanical advantage 





5.1.2 Extant and Fossil Ursidae 
 
5.1.2.1 Procrustes Superimposition 
 
Three fossil U. arctos, 80 U. spelaeus and one U. deningeri were added to the dataset, resulting 
in a total of 193 extant and fossil bear mandibles in the dataset. The Procrustes sum of squares 
is 0.8279 and the tangent sum of squares is 0.8221.  
 
5.1.2.2 Allometric Correction 
 
The result of the regression analysis on the Procrustes coordinates of the Procrustes 
superimposition above onto LCS for all bear mandibles together is shown in Figure 5-9. The 
total sum of squares is 0.3399, of which 0.0274 (8.0607%) is predicted and 0.3125 is residual. A 
permutation test against independence gives p<0.0001.  
A test for common slopes is performed on all species except U. deningeri as this species only 
comprises one specimen. M. ursinus causes disagreement between the slopes on Procrustes 
coordinates 1 and 10 (Appendix B: Table B-113 and Table B-114).  
The regression residuals of the regressions with and without fossils on the Procrustes 
coordinates onto LCS are highly significantly correlated with each other (p=0.000). Two 
Pearson’s correlation coefficients (r) are 1.000, all others do not drop below 0.995, apart from 




Figure 5-9: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the fossil and extant Ursidae onto the natural logarithm of centroid size (LCS) of 
the mandibulae pooled per species plotted against LCS. Fossil U. arctos and U. deningeri are given slightly larger 
symbols and are filled with black.  
 
5.1.2.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the regression onto LCS pooled per species 
for both the extant specimens and the fossils together.  Pearson’s correlation coefficient (r) for 
the extant specimens of both datasets (with and without fossils) is -0.968 for PC1, which is 
highly significant (p=0.000). PC2 has an r of 0.898, which is also highly significant (p=0.000). 
Levene’s and K-S tests show that the data for the brown bears and the cave bears are normally 
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distributed and the variances of fossil and modern U. arctos are homogeneous.The fossil U. 
arctos are significantly different from extant U. arctos on PC1 (t(42)=2.241, p=0.030), but not 
on PC2 (t(42)=-1.602, p=0.117), so they are considered to be separate groups in the following 
analyses. The single U. deningeri is not significantly different from U. spelaeus on PC1 (t(79)=-
0.108, p=0.914) and not highly significantly different on PC2 (t(79)=-2.201, p=0.031). These two 
groups may, therefore, be considered together in further analyses. Only PC1 is dealt with here, 
because PC2 does not have a high enough absolute correlation for the dataset including fossils 
to be interpreted according to the results of the dataset without fossils. 
Including fossils, PC1 explains 57.2% of the total variance. U. spelaeus and U. deningeri have 
relatively low PC1 scores, which are comparable to A. melanoleuca (Figure 5-10). Fossil U. 




Figure 5-10: PCs 1 and 2 of the PCA on the regression residuals of all species after a regression analysis of the 
Procrustes coordinates onto LCS pooled per species. The colours indicate the most important food item. Red 
indicates the specimen is fossil and the most important food item is unknown. Fossil U. arctos and U. deningeri 
have slightly larger symbols and are filled with black. 
 
5.1.2.4 ANOVA and Discriminant Function Analysis 
 
A K-S test indicates that the data are normally distributed. Levene’s test of homogeneity 
indicates that the variances are not highly significantly unhomogeneous. To provide an 
estimate of the most important food item in the diet of U. spelaeus, U. deningeri and fossil U. 
arctos, ANOVA was conducted with PC1 as independent variable and most important food 
item as fixed factor. As U. deningeri comprises only one specimen and is not highly significantly 
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different from U.spelaeus on PC1, these are taken together for this analysis to allow for post-
hoc Tukey tests. ANOVA shows that most important food item has a highly significant effect on 
PC1 (F(6,185)=261.071, p=0.000).  
 
Table 5-2: The results of ANOVA post-hoc Tukey tests on PC1 scores for the dietary categories. Means for groups 
in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean of the group sizes 
(=8.914) is used. 
 Most important 
food item 
N Subset for alpha = 0.05 
1 2 3 4 5 
Tukey HSD foliage 5 -.0537     
cave bears 81 -.0524     
U. arctos fossilis 3  -.0102    
soft mast 58   .0208   
vertebrates 13    .0568  
hard mast 10    .0578  
invertebrates 22     .0917 
Sig.  1.000 1.000 1.000 1.000 1.000 
Tukey B foliage 5 -.0537     
cave bears 81 -.0524     
U. arctos fossilis 3  -.0102    
soft mast 58   .0208   
vertebrates 13    .0568  
hard mast 10    .0578  
invertebrates 22     .0917 
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Post-hoc Tukey tests indicate that on PC1 all known categories form their own homogeneous 
subset, apart from hard mast and vertebrates which form a homogeneous subset together 
(Table 5-2).  U. spelaeus and U. deningeri form a homogeneous subset with bears that have 
foliage as most important food item and fossil U. arctos does not forms a homogeneous subset 
with any other group, but shows a mean PC1 score intermediate between foliage and soft 
mast.  
Stepwise DFA was performed using five a priori groups based on the most important food item 
in the diet of extant bears: foliage, hard mast, invertebrates, soft mast and vertebrates. The 
first PC was used as independent variable. This yields one canonical discriminant function that 
accounts for 100% of the variance. This function separates the five groups highly significantly 
(Λ=0.243, χ2(4)=147.277, p=0.000). If all groups have equal prior probabilities, 73.1% of the 
original grouped specimens and 71.3% of the cross-validated grouped specimens are correctly 
classified.  If prior probabilities are calculated from group size, 74.1% of both original grouped 
specimens and cross-validated grouped specimens are correctly classified. The performance of 
this discriminant function is not considered high enough to continue interpretation. 
 
5.1.2.5 Two-Block Partial Least Squares Analysis 
 
After three fossil U. arctos, one U. deningeri and 80 U. spelaeus were added to the dataset for 
the 2B-PLS on latitude, altitude and climate (Figure 5-11) in block 2 and the regression 
residuals in block 1, the PLS axes display a similar trend to previously with only the extant 
specimens (Figure 5-3), and the same variables are important. For the extant specimens of 
both datasets PLS axes 1 of block 1 and block 2 have Pearson’s correlation coefficients (r) of 
0.986 and 0.926, which are highly significant (p=0.000).  
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The overall strength of the association between the two blocks is given by RV coefficient: 
0.0607. A permutation test against the null hypothesis of independence gives p=0.0003, 
indicating that the two bocks are not independent.  
 
 
Figure 5-11: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of all species, after a regression analysis on 
the Procrustes coordinates onto LCS pooled per species, and latitude, altitude and the climatic variables listed in 
Table 2-1. Fossil U. arctos and U. deningeri have larger symbols and are filled with black.  
 
PLS1 explains 84.9% of the total covariance with a correlation of 0.3015 between the two 
blocks (p=0.0016). U. spelaeus and U. deningeri have PLS1 scores that are intermediate 






PLS1 scores within the range of extant U. arctos. In block 2 PLS1 is mostly determined by 
altitude (Figure 5-11).  
Another 2B-PLS was performed on the regression residuals of the regression onto LCS pooled 
per species in block 1 and the dietary variables listed in Table 2-1 in block 2, on both fossil and 
extant specimens combined. For the extant specimens of both datasets the first three PLS axes 
have Pearson’s correlation coefficients (r) of 0.986, 0.835 and 0.588 in block 1 and -0.607, 
0.822 and 0.208 in block 2 respectively.  The correlation coefficients of block 1 are highly 
significant (p=0.000), whereas only the correlation coefficient of PLS2 of block 2 is significant. 
Because there is no good correlation between the scores of block 2 in the two analyses, it is 




The shape of the mandible of U. spelaeus is more similar to that of U. arctos than to that of A. 
melanoleuca (Figure 5-12). The coronoid process of U. spelaeus is approximately the same 
relative height as that of U. arctos, but positioned more rostrally. The condyle of U. spelaeus 
lies more caudally. Together these features make the in-lever and, therefore, moment arm of 
the temporal muscle longer and thus the muscle more effective. The tooth rows of U. spelaeus 
and U. arctos are very similar caudally, but rostrally, the incisors of U. spelaeus are positioned 
slightly more ventrally.  
The mandibles of modern and fossil U. arctos are very similar, particularly caudally (Figure 
5-13). They are more similar to each other than to A. melanoleuca. Fossil U. arctos, however, 
has a longer grinding basin than extant U. arctos, by which it approaches A. melanoleuca, and a 
shorter distance between the canine and the incisors. Modern U. arctos has a straighter tooth 
row than its fossil conspecifics. 
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Figure 5-12: Average shape, of the mandibles. Brown: extant Ursus arctos; purple: U. spelaeus; yellow: 
Ailuropoda melanoleuca. The line links the most rostral point on the mandible with the alveoli of the canine, 




Figure 5-13: Average shapes of the mandibles. Brown: extant U. arctos; blue: fossil U. arctos; green: A. 
melanoleuca. The line links the most rostral point on the mandible with the alveoli of the canine, carnassial, and 
third molar, and the triangle links the third molar, most dorsal point on the coronoid process and the condyle. 
 
The mandible of U. deningeri is rather different from both A. melanoleuca and modern U. 
arctos (Figure 5-14). The incisors are positioned low relative to the rest of the tooth row 
compared to the other two species. The tooth row of U. deningeri is comparable in length to A. 
melanoleuca. The height of the coronoid process of U. deningeri is intermediate between A. 
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melanoleuca and modern U. arctos, but positioned more rostrally relative to the condyle 
compared to both extant species. This indicates that the in-lever and, thus, moment arm of the 
temporal muscle of U. deningeri is intermediate between U. arctos and A. melanoleuca. The 
distance between the condyle and the tooth row of U. deningeri is longer than that of A. 
melanoleuca and comparable to U. arctos, indicating that the moment arm of the resistance 
force of the food particles is also comparable to that experienced by U. arctos. U. deningeri, 




Figure 5-14: Average shape of the mandibles. Lilac: extant U. arctos; green: U. deningeri; purple: A. melanoleuca. 
The line links the most rostral point on the mandible with the alveoli of the canine, carnassial, and third molar, 
and the triangle links the third molar, most dorsal point on the coronoid process and the condyle. 
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Figure 5-15: Average shapes of the mandibles. Pink: fossil U. arctos; blue: U. deningeri; purple: U. spelaeus. The 
line links the most rostral point on the mandible with the alveoli of the canine, carnassial, and third molar, and 
the triangle links the third molar, most dorsal point on the coronoid process and the condyle. 
 
5.1.3 Extant Ursidae and a Subset of Fossil Ursidae 
 
To interpret the fossil bears on PC2 and in the 2B-PLS analysis on diet, the large sample of U. 
spelaeus was replaced with a random subset, so that the absence of information on palaeodiet 
has less influence on the PLS axes. The mean sample size per species for the extant bears is 
13.5, so a random subsample of 13 U. spelaeus is used instead of the full sample. Of course, 
the one U. deningeri, three fossil U. arctos and 108 extant specimens are also still part of the 
dataset. 
 
5.1.3.1 Procrustes Superimposition 
 
The new dataset was subjected to Procrustes superimposition. Deviation from the concensus 
configuration is given by the Procrustes and tangent sums of squares, which are 0.5547 and 
0.5505 respectively. 
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5.1.3.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS of the dataset with 
only a random subset of U. spelaeus is shown in Figure 5-16. The total sum of squares is 
0.1977, of which 0.0170 (8.5846%) is predicted and 0.1807 is residual. A permutation test 
against independence gives p<0.0001, indicating that the morphology of the mandibles is not 
independent from centroid size in this analysis.  
 
 
Figure 5-16: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the extant members of the family Ursidae, fossil U. arctos, U. deningeri and a 
random subset of 13 U. spelaeus onto the natural logarithm of centroid size (LCS) of the mandibulae pooled per 
species plotted against LCS. Fossil U. arctos and U. deningeri are given slightly larger filled symbols. 
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The test for common slopes was performed on all species except U. deningeri as this species 
only comprises one specimen. The test gives the same results as when all U. spelaeus were 
included in the analysis and the analysis without fossils, i.e., M. ursinus causes disagreement 
between the slopes on Procrustes coordinates 1 and 10 (: Table B-115 and Table B-116). 
The regression residuals of the regressions with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other (p=0.000). Eleven Pearson’s 
correlation coefficients (r) are 1.000. All others do not drop below 0.992, apart from two, 
which are 0.983. 
 
5.1.3.3 Principal Components Analysis 
 
When three fossil U. arctos, one U. deningeri and a random subset of 13 U. spelaeus were 
added to the PCA (Figure 5-17), the PCA displays similar trends as previously with only the 
extant specimens (Figure 5-2). For the extant specimens from both datasets PCs 1 and 2 have 
Pearson’s correlation coefficients (r) of 0.991 and 0.960 respectively; these correlations are 
highly significant (p=0.000). A K-S test indicates that each species contains normally distributed 
data. A Levene’s test of homogeneity of variances shows that it is appropriate to perform a t-
test. The three fossil U. arctos are not significantly different to modern U. arctos (df=42) and 
they may, therefore, be considered to belong to the same species for further analyses. The 
single U. deningeri is not significantly different from U. spelaeus on PC1 (t(12)=0.092, p=0.928) 
and not highly significantly different on PC2 (t(12)=0.049, p=0.049). U. spelaeus and U. 
deningeri can, thus, not be distinguished based on this PCA.  
PC1 explains 49.2% of the total variance. U. spelaeus has relatively high PC1 scores, which are 
almost similar to the folivorous A. melanoleuca (Figure 5-17). Fossil U. arctos have PC1 scores 
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at the higher end of the range of modern U. arctos. U. deningeri has a PC1 score within the 
ranges of U. spelaeus and A. melanoleuca. 
 
 
Figure 5-17: PCs 1 and 2 of the PCA on the regression residuals of all species after a regression analysis of the 
Procrustes coordinates onto LCS pooled per species. A random subset of 13 U. spelaeus is used instead of the 
whole sample. The colours indicate the most important food item. Red indicates the specimen is fossil and the 
most important food item is unknown. Fossil U. arctos and U. deningeri have slightly larger filled symbols. 
 
PC2 explains 16.8% of the total variance, which, together with PC1, is 66.0% cumulatively. Of 
the species with relatively high PC1 scores, A. melanoleuca has the lowest PC2 scores and U. 
spelaeus the highest (Figure 5-17). U. deningeri is intermediate between these two species, but 
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closer to U. spelaeus. U. arctos has relatively high PC2 scores compared to its living 
counterparts. 
 
5.1.3.4 ANOVA and Discriminant Function Analysis 
 
A K-S test indicates that the food categories are not significantly not-normally distributed on 
PCs 1 and 2. A Levene’s test for homogeneity of variances indicates that the species do not 
have highly significantly unhomogeneous variances on PC1 and not significantly 
unhomogeneous variances on PC2.  
The most important food item has a significant effect on PC1 (F(6,118)=120.060, p=0.000) 
based on ANOVA. A post-hoc Tukey HSD test on PC1 shows that fossil U. arctos forms a 
homogeneous subset with bears that have soft mast as most important food item in their diet 
(Table 5-3). A Tukey B test, however, indicates that fossil U. arctos does not form a 
homogeneous subset with any of the dietary categories. U. spelaeus and U. deningeri form 
homogeneous subsets with bears that eat mostly foliage in both post-hoc Tukey tests, 
indicating that foliage may have been the most important food item of these species. Animals 
that eat vertebrates and hard mast also form homogeneous subsets with each other in both 
tests.  
According to ANOVA, the most important food item also has a highly significant effect on PC2 
scores (F(6,118)=17.412, p=0.000). A post-hoc Tukey HSD test shows that fossil U. arctos forms 
homogeneous subsets with U. deningeri and U. spelaeus and bears that have hard mast as 
most important food item in their diet (Table 5-4). Fossil U. arctos can also form homogeneous 
subsets with bears that eat mostly soft mast or bears that eat vertebrates. U. spelaeus and U. 
deningeri can form homogeneous subsets with all dietary categories, except with bears that 
have foliage as most important food item. This disagreement with the results of PC1 may be 
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caused by phylogeny, but this will be dealt with further on from p. 295 in this volume. The 
results of the post-hoc Tukey B test are slightly different. According to this test fossil U. arctos 
cannot form a homogeneous subset with bears that have soft mast as most important food 
item in their diet. U. spelaeus and U. deningeri form homogeneous subsets with bears that eat 
hard mast. They can also form homogeneous subsets with bears that eat soft mast on the one 
side, or bears that eat vertebrates and fossil U. arctos on the other side. 
 
Table 5-3: Results of ANOVA post-hoc Tukey tests on the PC1 scores for the dietary categories. Means for groups 
in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean (=8.290) is used. 
 Most important food item N Subset for alpha = 0.05 
1 2 3 4 5 
Tukey HSD invertebrates 22 -.0637     
vertebrates 13  -.0340    
hard mast 10  -.0284    
soft mast 58   .0074   
fossil U. arctos 3   .0350   
cave bears 14    .0789  
foliage 5    .0981  
Sig.  1.000 .997 .050 .367  
Tukey B invertebrates 22 -.0637     
vertebrates 13  -.0340    
hard mast 10  -.0284    
soft mast 58   .0074   
fossil U. arctos 3    .0350  
cave bears 14     .0789 
foliage 5     .0981 
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Stepwise DFA was performed using five a priori groups based on the most important food item 
in the diet of the extant bears: foliage, hard mast, invertebrates, soft mast, and vertebrates 
(Table 5-5 to Table 5-7). The first two PCs are used as independent variables. This produces 
two canonical discriminant functions that respectively account for 85.2% and 14.8% of the 
variance and are generated using both PCs. These functions separate the five groups highly 
significantly (Λ=0.116, χ2(8)=223.004, p=0.000). If all groups have equal prior probabilities 
79.6% of the original grouped and cross-validated specimens is correctly classified. If prior 
probabilities are calculated from group size 83.35% of the original grouped specimens and 
82.4% of the cross-validated grouped specimens is correctly classified. Based on the cross-
validation outcomes only the results based on the prior probabilities calculated from group 
size will be further interpreted. 
The ungrouped specimens are three fossil U. arctos, one U. deningeri and a random subsample 
of 13 U. spelaeus. When the prior probabilities are calculated from group size, 14 (82.4%) of 
the ungrouped cases are classified with the bears that have soft mast as most important food 
item in their diet and three (17.6%) are classified as having foliage as most important food 
item (Table 5-5). In order to tease apart how the fossil species are distributed over these two 
classes the analysis is repeated per fossil species. The results of U. spelaeus are shown in Table 
5-6. Two U. spelaeus specimens (15.4%) are classified with animals that mainly eat foliage and 
the other eleven (84.6%) are classified wih animals that mostly eat soft mast. The results of 
fossil U. arctos are shown in Table 5-7. All three fossil U. arctos (100%) are classified with bears 
that mainly eat soft mast, just like their modern conspecifics. As a mathematical consequence, 





Table 5-4: Results of ANOVA post-hoc Tukey tests on the PC2 scores for the dietary categories. Means for groups 
in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean (=8.290) is used. 
 Most important food item N Subset for alpha = 0.05 
1 2 3 4 
Tukey HSD foliage 5 -.0623    
invertebrates 22  -.0186   
soft mast 58  -.0007 -.0007  
hard mast 10  .0055 .0055 .0055 
cave bears 14  .0123 .0123 .0123 
fossil U. arctos 3   .0295 .0295 
vertebrates 13    .0342 
Sig.  1.000 .055 .068 .097 
Tukey B foliage 5 -.0623    
invertebrates 22  -.0186   
soft mast 58  -.0007 -.0007  
hard mast 10  .0055 .0055 .0055 
cave bears 14   .0123 .0123 
fossil U. arctos 3    .0295 





Table 5-5: Classification results of the stepwise discriminant function analysis on the first two PCs to predict most 
important food item in the diet of the fossil bears. A random subset of 13 U. spelaeus has been used instead of all 














Original Count foliage 5 0 0 0 0 5 
hard mast 0 0 2 6 2 10 
invertebrates 0 0 22 0 0 22 
soft mast 0 1 3 53 1 58 
vertebrates 0 0 1 2 10 13 
ungrouped 3 0 0 14 0 17 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 .0 20.0 60.0 20.0 100.0 
invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 1.7 5.2 91.4 1.7 100.0 
vertebrates .0 .0 7.7 15.4 76.9 100.0 
ungrouped 17.6 .0 .0 82.4 .0 100.0 
Cross-
validated 
Count foliage 5 0 0 0 0 5 
hard mast 0 0 2 6 2 10 
invertebrates 0 0 22 0 0 22 
soft mast 0 1 4 52 1 58 
vertebrates 0 0 1 2 10 13 
% 
 
foliage 100.0 .0 .0 .0 .0 100.0 

















invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 1.7 6.9 89.7 1.7 100.0 
vertebrates .0 .0 7.7 15.4 76.9 100.0 
 
Table 5-6: Classification results of the stepwise discriminant function analysis on the first two PCs to predict most 














Original Count foliage 5 0 0 0 0 5 
hard mast 0 0 2 6 2 10 
invertebrates 0 0 22 0 0 22 
soft mast 0 1 3 53 1 58 
vertebrates 0 0 1 2 10 13 
ungrouped 2 0 0 11 0 13 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 .0 20.0 60.0 20.0 100.0 
invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 1.7 5.2 91.4 1.7 100.0 
vertebrates .0 .0 7.7 15.4 76.9 100.0 
ungrouped 15.4 .0 .0 84.6 .0 100.0 
 293 
Table 5-7: Classification results of the stepwise discriminant function analysis on the first two PCs to predict most 













Original Count foliage 5 0 0 0 0 5 
hard mast 0 0 2 6 2 10 
invertebrates 0 0 22 0 0 22 
soft mast 0 1 3 53 1 58 
vertebrates 0 0 1 2 10 13 
ungrouped 0 0 0 3 0 3 
% foliage 100.0 .0 .0 .0 .0 100.0 
hard mast .0 .0 20.0 60.0 20.0 100.0 
invertebrates .0 .0 100.0 .0 .0 100.0 
soft mast .0 1.7 5.2 91.4 1.7 100.0 
vertebrates .0 .0 7.7 15.4 76.9 100.0 
ungrouped .0 .0 .0 100.0 .0 100.0 
 
 
5.1.3.5 Two-Block Partial Least Squares Analysis 
 
After three fossil U. arctos, one U. deningeri and a random subset of 13 U. spelaeus were 
added to the extant specimens for the 2B-PLS on the regression residuals of the regression 
onto LCS pooled per species and the dietary variables listed in Table 2-1 (Figure 5-18), the PLS 
axes display similar trends as previously with only the extant specimens (Figure 5-4 and Figure 
5-5). For the extant specimens of both datasets, the first three PLS axes have Pearson’s 
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correlation coefficients (r) of 0.996, 0.986 and 0.821 for block 1 (p=0.000) and 0.962 (p=0.002), 
0.987 (p=0.000) and 0.803 (p=0.054) for block 2. A Levene’s test for homogeneity of variance 
indicates that modern and fossil U. arctos do not have significantly different variances and 
both species have normally distributed PLS scores according to a K-S test.  T-tests show that 
the three fossil U. arctos are not significantly different from modern U. arctos on any of the 
PLS axes (df=42). For U. deningeri and U. spelaeus it is not possible to perform a Levene’s test 
for homogeneity of variance, because U. deningeri only has one specimen. A t-test shows that, 
when equal variances are assumed, U. deningeri and U. spelaeus are not significantly different 
(df=12). So, based on these analyses, both fossil and modern U. arctos, and U. deningeri and U. 
spelaeus may be considered together and only the first two PLS axes will be interpreted. 
The overall strength of the association between the two blocks is given by the RV coefficient:  
0.3964. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent. 
PLS1 explains 68.8% of the total covariance with a correlation of 0.8628 between the two 
blocks (p<0.0001). U. spelaeus and U. deningeri have relatively high PLS1 scores, which are 
intermediate between U. arctos and A. melanoleuca (Figure 5-18). Fossil U. arctos has PLS1 
scores similar to modern U. arctos. PLS1 is mostly determined by the amount of invertebrates 
versus the amount of foliage in the diet of the bears, indicating that U. spelaeus and U. 
deningeri share part of their mandibular morphology with extant bears that are adapted to 
eating large amounts of foliage. 
PLS2 explains 22.6% of the total covariance with a correlation of 0.6764 (p<0.0001). The subset 
of U. spelaeus, U. deningeri and fossil U. arctos have comparable PLS2 scores to the other 
members of the genus Ursus, apart from U. maritimus, which has higher scores (Figure 5-18). 




Figure 5-18: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant species, fossil U. arctos, U. 
deningeri and a random subset of 13 U. spelaeus after a regression analysis of the Procrustes coordinates onto 
LCS pooled per species and the dietary variables listed in Table 2-1. Fossil U. arctos and U. deningeri have larger 
symbols and are filled with black. 
 
5.1.4 Phylogeny Ursidae 
 
The phylogeny of Ursidae overlain on the PC scores is shown in Figure 5-19. The phylogeny of 
extant Ursidae, fossil U. arctos, U. deningeri and U. spelaeus is not uncorrelated with the PC 
scores (p=0.0059). The phylogeny of Ursidae relative to the PLS scores based on the 2B-PLS 
analysis on diet with only a subset of U. spelaeus is shown in Figure 5-20. The phylogeny of 









Figure 5-19: Phylogenetic overlay onto PC1 and PC2 of the principal components analysis on the regression 
residuals of the extant members of the family Ursidae, three fossil U. arctos (Uarf), one U. deningeri (Ude) and 13 
U. spelaeus (Usp) after a regression analysis of the Procrustes coordinates onto LCS pooled per species. Uma=U. 
maritimus; Uth=U. thibetanus; Uar=extant U. arctos; Uam=U. americanus; Ame=A. melanoleuca; Hma=H. 




Figure 5-20: Phylogenetic overlay onto PLS1 and PLS2 of the two-block partial least squares analysis on the 
regression residuals of the extant members of the family Ursidae, three fossil U. arctos (Uarf), one U. deningeri 
(Ude) and 13 U. spelaeus (Usp), after a regression analysis on the Procrustes coordinates onto LCS pooled per 
species, and diet. Uma=Ursus maritimus; Uth=U. thibetanus; Uar=extant U. arctos; Uam=U. americanus; Ame=A. 
melanoleuca; Hma=H. malayanus; Mur=M. ursinus; Tor=T. ornatus. 
 
The cave bear lineage (U. deningeri and U. spelaeus) and A. melanoleuca have both developed 
in a similar direction on the first two PLS and PC axes, but the two lineages had different 
starting points, indicating that the difference in PC2 scores between these two species is 
indeed caused by phylogeny as was suggested on p. 287 in this volume. The cave bear lineage 
and the lineage leading to U. maritimus have developed in opposite directions on the first two 
PLS and PC axes, the latter in turn has developed in a similar direction to U. thibetanus (Figure 
5-19 and Figure 5-20). U. spelaeus retains approximately the same PC1 and PLS1 scores as U. 
deningeri, but its PC2 and PLS2 scores have become much higher. The difference in PLS2 and 
PC2 scores may, however, be caused by the small sample size of U. deningeri, because the two 
species cannot be distinguished using a t-test. Fossil and extant U. arctos have initially 
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developed in the same direction as the cave bear lineage (Figure 5-20), but later develop in 
opposite direction of each other with the fossil specimens exhibiting a change in positive PLS2 
and PC2 direction (Figure 5-20). Both Pleistocene U. arctos and U. spelaeus have developed in 
positive PLS2 and PC2 direction. This may indicate an adaptation to similar change in diet 
associated with environmental factors. M. ursinus and H. malayanus have both developed in 
the same direction through morphospace as T. ornatus before their split, whereas U. 
americanus has developed in opposite direction (Figure 5-19). The lineages leading to U. 
thibetanus and T. ornatus exhibit a very small negative change on PLS2 and PC2 and a 
somewhat larger negative change on PLS1 and PC1, whereas U. americanus hardly shows a 
positive change on both PLS and PC axes (Figure 5-19 and Figure 5-20). 
 
 
Figure 5-21: Phylogenetic overlay onto PLS1 and PLS2 of the 2B-PLS analysis on environmental variables the 
regression residuals of the extant members of the family Ursidae, three fossil U. arctos (Uarf), one U. deningeri 
(Ude) and 81 U. spelaeus (Usp) after a regression analysis of the Procrustes coordinates onto LCS pooled per 
species. Uma=Ursus maritimus; Uth=U. thibetanus; Uar=extant U. arctos; Uam=U. americanus. 
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The phylogeny of Ursidae is not uncorrelated with PLS scores of the 2B-PLS on the 
environmental variables (p=0.0071).  The phylogeny of Ursidae overlain on the PLS scores is 
shown in Figure 5-21. The general pattern seen here is very similar to the phylogeny overlain 
on the PC scores, but rotated 180°. The cave bear lineage has developed in the same positive 
direction as A. melanoleuca on PLS1, which is opposite from the animalivorous U. maritimus, 
H. malayanus and M. ursinus. Fossil U. arctos has also developed in positive direction on PLS1, 
whereas this development is reversed in modern U. arctos. U. thibetanus and T. ornatus have 
both undergone a development in negative direction on PLS1, and U. americanus has 
undergove a very small development in positive direction. Only U. thibetanus and U. 
americanus have developed in different directions than indicated in the PCA. In the 2B-PLS, U. 
thibetanus has developed in a similar direction to fossil U. arctos, rather than U. maritimus. 
And U. americanus has developed in a similar direction to the tropical T. ornatus, M. ursinus 
and H. malayanus, instead of in opposite direction. This indicates that the morphologies of U. 
thibetanus and U. americanus are not determined by environment to the same degree as is 
the case for the other species. 
 
5.2 Mandibulae of Ursus 
 
The extant members of the genus Ursus, 73 in total, were analysed first and 84 fossil 
specimens were added to the dataset later. When only the genus Ursus is taken into account, 
DFA is not performed on most important food item, because the range of diets in the modern 
reference sample is not representative of the full range of possibilities. The various subspecies 
of U. arctos and U. spelaeus are given in Table 5-1. The localities for U. spelaeus and 
frequencies of mandibles from these localities are given in Table 5-2. 
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Table 5-1: Numbers of mandibulae per subspecies of U. arctos and U. spelaeus used for the analysis with six 
landmarks focusing on the temporalis. 
Subspecies Age Frequency 
U. a. arctos Holocene 17 
U. a. beringianus Holocene 5 
U. a. fossilis Pleistocene 3 
U. a. horribilis Holocene 4 
U. a. isabellinus Holocene 9 
U. a. marsicanus Holocene 2 
U. a. pruinosus Holocene 1 
U. a. syriacus Holocene 3 
U. s. deningeroides Pleistocene 2 
U. s. eremus Pleistocene 9 
U. s. ingressus Pleistocene 32 
U. s. ladinicus Pleistocene 1 
U. s. spelaeus Pleistocene 6 




Table 5-2: Numbers of mandibulae from each locality for U. spelaeus that are used for the analyses with six 
landmarks related to muscle function of the temporalis. An * indicates the locality is Alpine 
Locality Frequency  Locality Frequency 
Badlhöhle* 2  Lurgrotte* 4 
Belgium 5  Medvedia 1 
Charlottenhöhle 1  Merkensteinhöhle* 6 
Conturineshöhle* 1  Mixnitz* 8 
Demänovské 1  Ramesch Knochenhöhle* 3 
Engioul 1  Repolusthöhle* 2 
Erpfingen 2  Rübeland 2 
Gamssulzenhöhle* 12  Schottloch* 1 
Goyet 1  Schwabenreithhöhle* 6 
Herm 1  Sibyllenhöhle 1 
Hieflau* 1  Sloup 5 
Hohlenstein 6  Sundwig 3 






5.2.1 Extant Ursus 
 
5.2.1.1 Procrustes Superimposition 
 
Six landmarks in three dimensions of 73 extant bear specimens were subjected to Procrustes 
superimposition. The Procrustes sum of squares is 0.2040 and the tangent sum of squares is 
0.2031.  
 
5.2.1.2 Allometric Correction 
 
The result of the regression analysis on the Procrustes coordinates onto LCS pooled per species 
is shown in Figure 5-22. The total sum of squares is 0.1392, of which 0.0131 (9.4265%) is 
predicted and 0.1261 is residual. A permutation test against independence gives p<0.0001, 
indicating that the morphology of the mandible relevant to the temporalis muscle is not 
independent of centroid size. 
The 95% confidence intervals of the slopes of individual regression analyses per species 
generally overlap, but there is one exception. For Procrustes coordinate 9 the confidence 
intervals of the slopes of U. arctos and U. thibetanus do not overlap (Appendix B: Table B-117). 
It seems likely that this single discrepancy is based on coincidence only and the regression 
residuals of the regression analysis of the Procrustes coordinates onto LCS can be used for the 




Figure 5-22: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the extant members of the genus Ursus onto the natural logarithm of centroid size 
(LCS) of the mandibulae pooled per species plotted against LCS.  
 
5.2.1.3 Principal Components Analysis 
 
Principal components analysis is performed on the regression residuals of the regression of the 
Procrustes coordinates onto LCS pooled per species. Based on a scree plot, only the first three 
PCs are interpreted. 
PC1 explains 37.6% of the total variance. PC1 differentiates between U. arctos and U. 
maritimus, whereas U. americanus and U. thibetanus have PC1 scores overlapping with both 
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these species (Figure 5-23 and Figure 5-24). Within U. arctos there is no clear separation 
between the subspecies.  
 
 
Figure 5-23: PCs 1 and 2 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of the extant members of the genus Ursus onto LCS pooled per species. The colours indicate the 
subspecies of U. arctos. 
 
PC2 explains 22.8% of the variance, which is 60.3% cumulatively together with PC1. There is no 
clear separation between the species on PC2 (Figure 5-23). U. arctos and U. maritimus, 
however, generally have lower PC2 scores than U. thibetanus and U. americanus. Within U. 
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arctos, two subspecies have distinctive ranges on PC2. U. a. isabellinus has relatively high PC2 
scores and U. a. beringianus has relatively low PC2 scores.  
 
 
Figure 5-24: PCs 1 and 3 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of the extant members of the genus Ursus onto LCS pooled per species. 
 
PC3 explains 14.3% of the total variance, which accumulates to 74.7% together with PCs 1 and 
2. PC3, particularly in combination with PC1, differentiates U. maritimus from the other bear 
species.  The only two subspecies of U. arctos with a reasonably narrow range on PC3 are U. a. 
horribilis and U. a. syriacus, and they do not overlap. 
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5.2.1.4 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares was performed on the regression residuals of the regression on 
the Procrustes coordinates onto LCS pooled per species in block 1 and latitude, altitude and 
the climatic variable listed in Table 2-1 in block 2. Based on a scree plot, only the first PLS axis 
is considered, despite the second being highly significant as well.  
 
 
Figure 5-25: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the regression analysis of the Procrustes 
coordinates of the extant members of the genus Ursus onto LCS pooled per species and latitude, altitude and the 





The overall strength of the association between the two blocks is given by RV coefficient 
0.0997. A permutation test against the null hypothesis of independence gives p=0.0048, 
indicating that the two blocks are not independent.  
 
 
Figure 5-26: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the regression analysis of the Procrustes 
coordinates of the extant members of the genus Ursus onto LCS pooled per species and the dietary variables 
listed in Table 2-1.  
 
PLS1 explains 99.1% of the total covariance with a correlation of 0.4276 between the two 
blocks (p=0.0050). U. maritimus has relatively high PLS1 scores compared to the other three 







much distinction, apart from the fact that there is hardly any overlap between U. a. 
marsicanus and U. a. beringianus.  
Two-block partial least squares was also performed on the regression residuals of the 
regression on the Procrustes coordinates onto LCS pooled per species in block 1 and the 
dietary variables listed in Table 2-1 in block 2. Based on a scree plot, only the first two PLS axes 
will be interpreted, despite the first three axes meeting the criterion of high significance.  
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.4324. A permutation test against the null hypothesis of independence gives p<0.0001, 
indicating that the two blocks are not independent.  
PLS1 explains 94.4% of the total covariance with a correlation of 0.7980 between the two 
blocks (p<0.0001). U. maritimus has relatively low PLS1 scores, whereas the other members of 
the genus Ursus have higher PLS1 scores. PLS1 does not clearly distinguish between the 
subspecies of U. arctos. PLS1 is mostly determined by the amount of vertebrates in the diet.  
PLS2 explains 5.4% of the total covariance between the blocks with a correlation of 0.6589 
(p<0.0001). U. thibetanus has high PLS2 scores and U. arctos has low PLS2 scores (Figure 5-26). 
The scores of U. maritimus and U. americanus are intermediate and overlap with the two other 
species. PLS2 covaries with the percentages of hard mast versus foliage and roots in the diet. 
Within U. arctos most subspecies have a comparable range. U. a. syriacus, however, has a very 
narrow range and relatively high scores. And U. a. horribilis has a remarkably large range. PLS2 
is mostly associated with the percentage of hard mast in the diet and to a lesser degree the 





5.2.2 Extant and Fossil Ursus 
 
5.2.2.1 Procrustes Superimposition 
 
Three fossil U. arctos, 80 U. spelaeus and one U. deningeri were added to the dataset, resulting 
in a total of 157 extant and fossil bear mandibles in the dataset. The sums of squares are given 
as a measure of variance within the dataset. The Procrustes sum of squares is 0.5259 and the 
tangent sum of squares is 0.5231. 
 
5.2.2.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition described above onto LCS of all Ursus mandibles together is shown in Figure 
5-27.  The total sum of squares is 0.3122, of which 0.0267 (8.5396%) is predicted and 0.2855 is 
residual. A permutation test against independence gives p<0.0001.  
The 95% confidence intervals of the slopes of individual regression analyses per species 
overlap in every instance. The regression residuals of the regression analysis of the Procrustes 
coordinates onto LCS pooled per species are used for the following PCA and 2B-PLS analyses. 
The regression residuals of the regressions with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other. Three Pearson’s correlation 
coefficients are 1.000. All others do not drop below 0.996, apart from five, which still do not 




Figure 5-27: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the fossil and extant members of the genus Ursus onto the natural logarithm of 
centroid size (LCS) of the mandibulae pooled per species plotted against LCS. Fossil U. arctos and U. deningeri are 
given larger, black symbols. 
 
5.2.2.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the regression onto LCS pooled per species 
for the extant and fossil specimens after one U. deningeri, 80 U. spelaeus and three fossil U. 
arctos were added to the dataset (Figure 5-28). Pearson’s correlation coefficient (r) for the 
extant specimens of both datasets (with and without fossils) is -0.900 on PC1 and is highly 
significant (p=0.000). PCs 2 and 3 have correlation coefficients of 0.725 and 0.787 respectively, 
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which are also highly significant (p=0.000). The reason for the relatively low correlation on the 
higher order PCs is that proportionally many fossils have been added to the dataset. The 
intraspecific variation of the 80 U. spelaeus is now responsible for a large part of the variation 
within the dataset and this is reflected in the PC axes. As a consequence only PC1 can be 
interpreted according to the results of the extant specimens. A Levene’s test and K-S test 
indicate that modern and fossil U. arctos have homogeneous variances and are normally 
distributed. A t-test indicates that the three fossil U. arctos are not significantly different from 
the extant U. arctos on the first PC (t(42)=1.922, p=0.061). The fossil U. arctos can, therefore, 
be considered to belong to the same group as the extant U. arctos. Levene’s test for 
homogeneity of variances cannot be computed for U. deningeri and U. spelaeus. K-S statistics 
cannot be computed for U. deningeri either, but indicate that U. spelaeus is normally 
distributed. A t-test indicates that no significant differences can be observed between U. 




Figure 5-28: PCs 1 and 2 of the PCA on the regression residuals of all members of the genus Ursus after a 
regression analysis of the Procrustes coordinates onto LCS pooled per species. 
 
5.2.2.4 ANOVA and Discriminant Function Analysis 
 
To determine whether there are any significant differences between species and subspecies 
ANOVA was conducted on PC1 with species or subspecies as fixed factor and PC1 scores as the 
independent variable. A K-S test indicates that the data are normally distributed. Levene’s test 
of homogeneity of variances shows that the variances are not highly significantly 
unhomogeneous. According to ANOVA species attribution has a highly significant effect on PC1 
(F(5,151)=179.577, p=0.000). Post-hoc Tukey tests could not be performed because there is 
only one specimen of U. deningeri. To perform post-hoc tests U. deningeri and U. spelaeus are 
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grouped together. According to the Tukey HSD test U. arctos and U. americanus form a 
homogeneous subset, and U. thibetanus and U. maritimus form a homogeneous subset (Table 
5-3). U. spelaeus and U. deningeri do not form a homogeneous subset with either of these two 
groups. The Tukey B test gives very similar results, but according to this test U. arctos and U. 
americanus do not form a homogeneous subset.  
 
Table 5-3: Results of post-hoc Tukey tests on PC1 scores for the species of the genus Ursus. The single U. 
deningeri is grouped with U. spelaeus and they are labeled cave bears. Means for groups in homogeneous 
subsets are displayed. The group sizes are unequal, so the harmonic mean of the group sizes (=15.475) is used.  
 species N Subset for alpha = 0.05 
1 2 3 4 
Tukey HSD Cave bears 81 -.0403    
U. arctos 44  .0266   
U. americanus 9  .0447   
U. maritimus 13   .0734  
U. thibetanus 10   .0737  
Sig.  1.000 .053 1.000  
Tukey B Cave bears 81 -.0403    
U. arctos 44  .0266   
U. americanus 9   .0447  
U. maritimus 13    .0734 
U. thibetanus 10    .0737 
 
Levene’s test for homogeneity of variances indicates that the subspecies of U. arctos do not 
have highly significantly different variances. A K-S indicates that all subspecies have normal 
distributions, apart from U. a. pruinosus, for which the K-S test could not be performed, 
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because it only contains one specimen. Within U. arctos, subspecies attribution has a highly 
significant effect on PC1 scores (F(7,36)=3.294, p=0.008). To perform post-hoc tests U. a. 
pruinosus is grouped with U. a. isabellinus (Table 5-4), this is justified by the fact that a t-test 
does not show a significant difference between them after a K-S test for normality. U. a. fossilis 
forms a homogeneous subset with all modern subspecies, apart from U. a. marsicanus. U. a. 
marsicanus can only form a homogeneous subset with U. a. syriacus. 
It is possible that broad area, specific region or habitat has an additional influence on the 
morphology, which can also be determined using ANOVA. For U. arctos variances are not 
significantly unhomogeneous when devided by region, area or habitat. K-S tests show that 
within U. arctos the data are normally distributed for each region, area or habitat. ANOVA 
indicates that area (F(3,40)=2.180, p=0.105) and habitat (F(4,39)=2.006, p=0.113) do not have 
a significant effect on PC1, so no post-hoc tests are performed. Region does have a significant 
effect on PC1 (F(5,36)=3.151, p=0.018), but only one homogeneous subset is produced by 
post-hoc Tukey tests.  
A K-S test indicates that PC1 is not significantly non-normally distributed for the subspecies of 
U. spelaeus and U. deningeri. A Levene’s test for homogeneity of variances indicates that the 
subspecies of U. spelaeus and U. deningeri have homogeneous variances on PC1. According to 
ANOVA subspecies attribution does not have a significant effect on PC1 scores (F(6,74)=1.863, 
p=0.099), so no post-hoc tests are performed. 
A K-S test indicates that the data for each locality are normally distributed, and a test for the 
homogeneity of variances also gives a non-significant result when locality is used as fixed 
factor. ANOVA gives non-significant results. So, locality does not have a significant effect on 
the PC1 scores of U. spelaeus and U. deningeri (F(26,54)=1.245, p=0.244) and no post-hoc test 
is performed. 
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Table 5-4: Results of post-hoc Tukey tests on PC1 scores for the subspecies of Ursus arctos. The single U. a. 
pruinosus is grouped with U. a. isabellinus. Means for groups in homogeneous subsets are displayed. The group 
sizes are unequal, so the harmonic mean of the group sizes (=3.943) is used.  
 subspecies N Subset for alpha = 0.05 
1 2 
Tukey HSD U. a. fossilis 3 .0071  
U. a. beringianus 5 .0205  
U. a. isabellinus & U. a. pruinosus 10 .0237  
U. a. arctos 17 .0255  
U. a. horribilis 4 .0298  
U. a. syriacus 3 .0401 .0401 
U. a. marsicanus 2  .0684 
Sig.  .088 .204 
Tukey B U. a. fossilis 3 .0071  
U. a. beringianus 5 .0205  
U. a. isabellinus & U. a. pruinosus 10 .0237  
U. a. arctos 17 .0255  
U. a. horribilis 4 .0298  
U. a. syriacus 3 .0401 .0401 
U. a. marsicanus 2  .0684 
 
A K-S test indicates that the data are normally distributed for each broad area. The variances 
on PC1 are not significantly unhomogeneously distributed when broad area is used as fixed 
factor. ANOVA performed on the PC1 scores with broad area as fixed factor does not give a 
significant result (F(5,75)=1.399, p=0.234) and no post-hoc tests are performed. So, 
provenience, whether it is precise locality or broad area, does not have a significant effect on 
PC1 scores for U. spelaeus in contrast to U. arctos. 
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Stepwise DFA was performed on U. arctos using seven a priori groups based on subspecies. 
The first PC is used as independent variable. Using α=0.01 this does not yield any discriminant 
functions, so the analysis is repeated using α=0.05. This yields one canonical discriminant 
function based on PC1 that accounts for 100% of the variance. This function separates the six 
groups significantly (Λ=0.659, χ2(6)=15.033, p=0.020). If all groups have equal prior 
probabilities, 22.0% of the original grouped specimens and 12.2% of the cross-validated 
grouped specimens are correctly classified. If prior probabilities are calculated from group size, 
43.9% of the original and 41.5% of the cross-validated grouped specimens is correctly 
classified. These validation and cross-validation results are not high enough to continue 
interpreting the results. 
Stepwise DFA was also performed using five a priori groups based on region. The first PC is 
used as independent variable. No variables are qualified for the analysis when α is set to 0.01. 
The analysis is repeated with α=0.05. This yields one canonical discriminant function based on 
PC1 that accounts for 100% of the variance. This function separates the five groups 
significantly (Λ=0.756, χ2(4)=9.778, p=0.044). If all groups have equal prior probabilities, 30.8% 
of the original grouped specimens and 28.2% of the cross-validated grouped specimens are 
correctly classified. If prior probabilities are calculated from group size, 43.6% of the original 
and cross-validated grouped specimens is correctly classified. These validation and cross-
validation results are not high enough to continue interpreting the results. 
Stepwise DFAs were again performed using four a priori groups based on area or habitat. The 
first PC was used as independent variable.  PC1 is not qualified for any of the analyses with 




5.2.2.5 Two-Block Partial Least Squares Analysis 
 
After three U. arctos, one U. deningeri and 81 U. spelaeus were added to the 2B-PLS on 
latitude, altitude and climate, PLS1 displays a somewhat similar trend as PLS1 with only the 
extant specimens (Figure 5-25). For the extant specimens of both datasets PLS1 has a 
Pearson’s correlation coefficient (r) of 0.870 (p=0.000) for block 1 and 0.996 (p=0.000) for 
block 2. This correlation of block 1 is too low to allow for an interpretation based on the 
analysis on the extant specimens. 
Two-block partial least squares (2B-PLS) was also performed on the regression residuals of the 
regression onto LCS pooled per species and the dietary variables listed in Table 2-1 on fossil 
and extant specimens together, the PLS axes display very different patterns than previously 
with only the extant specimens (Figure 5-26). For the extant specimens of both datasets PLS 
axes 1 and 2 of block 1 have Pearson correlation coefficients (r) of -0.742 (p=0.000) and -0.240 
(p=0.040) and PLS axes 1 and 2 of block 2 have an r of -0.389 and -0.104. The difference 
between the two 2B-PLS analyses is so large that it is impossible to interpret U. spelaeus 
according to the patterns observed in the extant members of the genus Ursus and further 
analyses were not performed. 
 
5.2.3 Phylogeny Ursus 
 
The phylogeny within the genus Ursus is overlain on the PC scores. A permutation test against 
the null hypothesis of no phylogenetic signal returns a non-significant result, indicating there 
may not be a phylogenetic signal in the data. The results are not interpreted further. 
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5.3 Mandibulae of Ursus arctos, Ursus spelaeus and Ursus deningeri 
 
The extant specimens of U. arctos (n=41) were analysed first and three fossil specimens were 
added to analyses afterwards. The various subspecies of U. arctos are the same as used above 
and are given in Table 5-1.  
 
5.3.1 Extant  Ursus arctos 
 
5.3.1.1 Procrustes Superimposition 
 
Six landmarks in three dimensions of 41 U. arctos were subjected to Procrustes 
superimposition. The Procrustes sum of squares is 0.0813 and the tangent sum of squares is 
0.0809. 
 
5.3.1.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS is shown in Figure 
5-29. The total sum of squares is 0.0809, of which 0.0092 (11.4266%) is predicted and 0.0717 is 




Figure 5-29: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of extant U. arctos onto the natural logarithm of centroid size (LCS) of the 
mandibulae plotted against LCS. The colours indicate the subspecies of U. arctos. 
 
5.3.1.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the regression onto LCS. Based on the 




Figure 5-30: PCs 1 and 2 of the PCA on the regression residuals of extant Ursus arctos after a regression analysis of 
the Procrustes coordinates onto LCS pooled per species. The colours indicate the subspecies. 
 
PC1 explains 33.8% of the total variance. Within the region of northern Asia and eastern 
Europe, U. a. beringianus generally has higher PC1 scores than U. a. arctos with only one 
exception (Figure 5-30). Within the region of western Europe, U. a. marsicanus has relatively 
high PC1 scores compared to U. a. arctos. This also indicates that U. a. arctos has relatively low 
PC1 scores, even though this is not immediately visible from Figure 5-30. Some differences can 
also be seen when the data are plotted with information on habitat and area (Figure 5-31). 
Within alpine U. arctos, the single European specimen has a lower PC1 score than the 
continental specimens. Within the specimens from broadleaf forests the continental 
specimens generally have lower PC1 scores than the European specimens, but some overlap 
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does occur. Of the European specimens, specimens from broadleaf forests tend to have higher 
PC1 scores than those from coniferous forests or alpine habitats. This difference is best visible 
when PC2 is also taken into account, when there is only one specimen that overlaps with the 
other range.  
 
 
Figure 5-31: PCs 1 and 2 of the PCA on the regression residuals of extant Ursus arctos after a regression analysis of 
the Procrustes coordinates onto LCS pooled per species. The colours indicate the habitat. 
 
PC2 explains 24.7% of the total variance, which is 58.8% together with PC1. Within U. a. arctos 
specimens from western Europe have lower PC2 scores than specimens from the East, 
although slight overlap occurs (Figure 5-30). U. a. beringianus has relatively high PC2 scores. 
The single U. a. pruinosus has a relatively high PC2 score, clearly much lower than the other 
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specimens from central Asia, which belong to U. a. isabellinus. Some distinctions can also be 
made when the data are plotted with information on habitat and area (Figure 5-31). Alpine U. 
arctos has relatively high PC2 scores. The Pacific arctic specimens have similar PC2 scores to 
the alpine specimens, whereas the single continental specimen has much lower PC2 scores.  
When this specimen is compared with other specimens from the continent it also has a 
remarkable low PC2 score. Within the other continental specimens, specimens from broadleaf 
forests generally have lower PC2 scores than specimens from coniferous forests or alpine 
habitats, but this difference is best visible when PC1 is also taken into account. Within the 
specimens from coniferous forests the continental specimens tend to have higher PC2 scores 
than the European specimens, but there is considerable overlap. 
 
5.3.1.4 Two-Block Partial Least Squares Analysis 
 
2B-PLS was performed on the regression residuals of the regression onto LCS versus latitude, 
altitude and the climatic variables listed in Table 2-1. None of the PLS axes that explain more 
than 0.000% of the total covariance have a highly significant correlation between the two 
blocks, despite PLS1 explaining 99.7% of the covariance. The overall strength of the association 
between the two blocks is given by the RV coefficient: 0.0386. And a permutation test against 
the null hypothesis of independence gives a non-significant result, indicating that the two 
blocks could very well be independent. So, due to a lack of dependence and correlation 
between the two blocks, the 2B-PLS analysis on the environmental variables was not 
interpreted further. 
PLS was also performed on the regression residuals of the regression onto LCS versus the 
dietary variables listed in Table 2-1. The diet of U. arctos can be further specified for varying 
populations following Mattson (1998) (Table 2-6) either according to habitat or to area. Both 
options were used to compare the results and assess which performs better.  
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The overall strength of the association between the two blocks of the 2B-PLS on habitat-
related diet is given by RV coefficient: 0.0957. A permutation test against the null hypothesis of 
independence gives p=0.1903, indicating that the two blocks may be independent. PLS1 
explains 66.9% of the total covariance with a correlation of 0.4628 (p=0.3249).  
The overall strength of the association between the two blocks of the 2B-PLS on area-related 
diet is given by RV coefficient: 0.0817. A permutation test against the null hypothesis of 
independence gives p=0.2114, indicating that the two blocks may be independent. PLS1 
explains 89.8% of the total covariance with a correlation of 0.4501 (p=0.2334).  
Two-block partial least squares on habitat-related diet produces a stronger association 
between the two blocks than 2B-PLS versus area-related diet. And, although both p-values are 
non-significant, 2B-PLS on diet related to habitat gives a lower p-value. Additionally, the 
correlation between the two blocks is stronger for the 2B-PLS on diet related to habitat than 
the 2B-PLS on diet related to area. 2B-PLS on diet related to habitat clearly performs better. 
This indicates that habitat has a larger effect on diet than the area the bear lives in. Neither of 
the analyses, however, can be used for further interpretation, because the correlation 
between the two blocks is not significant on either of the first two PLS axes and the two blocks 




There is relatively little difference between the mandibles of brown bears from varying regions 
of the world (Figure 5-32). U. arctos from western Europe has a relatively straight and short 
tooth row compared to bears from central Asia and northern Asia and eastern Europe. The 
most dorsal point on its coronoid process is a fraction higher and positioned slightly more 
caudally, giving the temporalis a slightly longer in-lever arm. U. arctos from northern Asia and 
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eastern Europe rostrally also has a rather straight tooth row, but in the molar region its tooth 
row is raised more dorsally. The bears from central Asia are almost the same as those from 
northern Asia and eastern Europe, the only real difference being the shape of the tooth row.  
 
 
Figure 5-32: Average shape of the mandibles of extant Ursus arctos from three geographic regions. Yellow: 
western Europe; green: northern Asia and eastern Europe; purple: central Asia. The line links the most rostral 
point on the mandible with the alveoli of the canine, carnassials and the third molar, and the triangle links the 
third molar, most dorsal point on the coronoid process and the condyle. 
 
The average shapes of the varying subspecies vary much more than those of the regions. U. a. 
pruinosus and U. a. isabellinus both live in central Asia, but their morphologies are very 
different (Figure 5-33). U. a. pruinosus has a much longer tooth row, which is mostly caused by 
an increase in length of the grinding basin. Its tooth row is also relatively straight. U. a. 
pruinosus has a shorter distance between the most caudal part of the tooth row and the 
condyle than U. a. isabellinus. Additionally, U. a. pruinosus has a very low coronoid process, 
giving both the resistance at the distal dental elements and the temporalis shorter moment 
arms, resulting in a similar mechanical advantage for both subspecies. U. a. pruinosus, 




Figure 5-33: Average shape of the mandibles of extant U. arctos from central Asia. Dark yellow: U. a. pruinosus; 
blue: U. a. isabellinus. The line links the most rostral point on the mandible with the alveoli of the canine, 
carnassials and the third molar, and the triangle links the third molar, most dorsal point on the coronoid process 
and the condyle. 
 
 
Figure 5-34: Average shape of the mandibles of extant U. arctos from northern Asia, eastern Europe and western 
Europe. Purple: U. a. arctos; blue: U. a. beringianus; green: U. a. marsicanus. The line links the most rostral point 
on the mandible with the alveoli of the canine, carnassials and the third molar, and the triangle links the third 





Figure 5-35: Average shape of the mandibles of extant U. arctos from various areas. Brown: European; blue: 
continental; green: pacific. The line links the most rostral point on the mandible with the alveoli of the canine, 
carnassials and the third molar, and the triangle links the third molar, most dorsal point on the coronoid process 
and the condyle. 
 
 
Figure 5-36: Average shape of the mandibles of extant U. arctos from various habitats. Purple: alpine; lilac: 
broadleaf forest; army green: arctic; salmon pink: coniferous forest. The bears from the various habitats are so 
similar that a line diagram would obscure the differences between them. Therefore, a dot diagram has been used 
in this instance.  
 
The three subspecies from northern Asia, eastern Europe and western Europe also vary quite a 
bit from each other (Figure 5-34). U. a. marsicanus has a very different morphology from the 
other two subspecies, particularly caudally. U. a. marsicanus has a very low coronoid process, 
giving the temporalis a short in-lever arm, the most dorsal tip of which is located very caudally. 
Additionally, the position of the incisors is rather ventral compared to the other two 
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subspecies. U. a. arctos and U. a. beringianus are very similar to each other rostrally. Caudally, 
however, U. a. arctos has its grinding basin positioned more ventrally than U. a. beringianus. 
The Brown bears from the continent and Europe are quite similar to each other (Figure 5-35). 
The only real difference is that the continental specimens have the alveolis of the canine 
positioned slightly more dorsally. The pacific bears are the most distinct of the three, because 
they have a relatively straight tooth row compared to the other two areas.  
When the mandibles of U. arctos from varying habitats are compared some small differences 
can be observed. Bears from coniferous forests and arctic habitats both have relatively straight 
tooth rows compared to bears from broadleaf forests and alpine habitats. U. arctos from 
alpine habitats have the longest tooth rows of all U. arctos, which is mostly caused by an 
increase in length of the grinding basin. Brown bears from broad leaf forests have a relatively 
low coronoid process compared to the others, decreasing the in-lever arm of the temporalis.  
PC1 is mostly influenced by changes in the position of the coronoid process, condyle and 
caudal end of the tooth row. Higher PC1 scores indicate a more ventrocaudally located dorsal 
tip of the coronoid process, a more cuadodorsally position of the caudal end of the tooth row 
and a dorsorostrally located condyle, resulting in a shorter in-lever and, therefore, moment 
arm for the temporal muscle.  
PC2 is mostly influenced by the caudal end of the tooth row and the coronoid process. Higher 
PC2 scores are associated with a relatively long grinding basin of the tooth row. Higher PC2 
scores are also associated with a rather ventrorostral position of the coronoid process, 





5.3.2 Extant and Fossil Ursus arctos 
 
5.3.2.1 Procrustes Superimposition 
 
Three fossil U. arctos were added to the Procrustes superimposition, resulting in a total of 44 
extant and fossil brown bear mandibles in the dataset. The sums of squares are given as a 
measure of variance within the dataset. The Procrustes sum of squares is 0.0871 and the 
tangent sum of squares is 0.0867. 
 
5.3.2.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all U. arctos mandibles together is shown in Figure 5-37. 
The total sum of squares is 0.0867, of which 0.0076 (8.7886%) is predicted and 0.0791 is 
residual. A permutation test against independence gives p=0.0017, which is highly significant.  
The regression residuals of the regression with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other. Four Pearson’s correlation 
coefficients are 1.000. The others do not drop below 0.990, apart from two, which still do not 




Figure 5-37: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of fossil and extant U. arctos onto the natural logarithm of centroid size (LCS) of the 
mandibulae plotted against LCS. The colours indicate the subspecies of U. arctos. Two U. a. arctos from Europe 
are not plotted, because it is unknown whether they come from the western or eastern European population. 
The three fossil U. arctos have slightly larger symbols and are filled with black.  
 
5.3.2.3 Principal Components Analysis 
 
PCA is performed on the regression residuals of the regression onto LCS for the extant and 
fossil specimens after the addition of three fossil U. arctos to the dataset (Figure 5-38). 
Pearson’s correlation coefficient for the extant specimens of both datasets (with and without 
fossils) are 0.984 and 0.974 for PCs 1 and 2 (p=0.000).  
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Figure 5-38: PCs 1 and 2 of the PCA on the regression residuals of all Ursus arctos after a regression analysis of the 
Procrustes coordinates onto LCS pooled per species. The colours indicate the subspecies. Two U. a. arctos from 
Europe are not plotted because it is unknown whether they come from the western or eastern European 
population. The three fossil U. arctos have slightly larger symbols and are filled with black to make them more 
visible. 
 
Including fossils PC1 explains 32.8% of the total variance. Fossil U. arctos has relatively high 
PC1 scores (Figure 5-38). Its distribution of PC1 scores is very similar to that of U. a. syriacus 
and overlaps with the single U. a. pruinosus. 
Including fossils PC2 explains 24.3% of the total variance, which is 57.1% cumulatively with 
PC1. Fossil U. arctos has rather high PC2 scores. The range of PC2 scores of fossil U. arctos does 
not overlap with that of U. a. marsicanus, the single U. a. pruinosus or U. a. syriacus.  
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When PCs 1 and 2 are observed together it is clear that fossil U. arctos is most similar to U. a. 
beringianus or more generally bears from northern Asia and eastern Europe. Fossil U. arctos is 
completely separated from all other bears, even the ones from western Europe. 
 
5.3.2.4 ANOVA and Discriminant Function Analysis 
 
To determine whether there are any significant differences between regions and subspecies 
ANOVA was conducted on the first two PCs with subspecies, broad area, habitat or specific 
region as the fixed factor and the PC scores as dependent variables. Homogeneous subsets are 
calculated with post-hoc Tukey HSD and Tukey B tests. Subsequently, DFA provided 
information on the most likely attribution of fossil U. arctos to any of the subspecies, areas, 
region or habitats based on mandible morphology.  
Levene’s test of homogeneity of variances indicates that the variances on PC1 are not 
significantly unhomogeneous and the variances on PC2 are not highly significantly 
unhomogeneous between subspecies. A K-S test shows that all subspecies are normally 
distributed. ANOVA on the subspecies of U. arctos indicates that subspecies attribution has a 
highly significant effect on PC1 (F(7,36)=3.877, p=0.003), but not PC2 (F(7,37)=2.161, p=0.062). 
Post-hoc Tukey tests cannot be performed, because U. a. pruinosus only has one specimen. 
This specimen has been lumped with U. a. isabellinus for their geographic proximity to 
generate post-hoc Tukey results. Table 5-1 shows that fossil U. arctos can form homogeneous 
subsets with any of the extant subspecies on PC1. U. a. marsicanus, however, is significantly 
different from U. a. arctos and U. a. isabellinus. 
Levene’s test of homogeneity of variances indicates that the variances on PCs 1 and 2 are not 
significantly different between the regions. A K-S test shows that all regions contain normally 
distributed data. Two European U. arctos whos region is unknown are not included in the 
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analysis. ANOVA performed on the region of U. arctos indicates that there are no significant 
effects of region designation on either of the first two PCs (df1=4, df2=37).  
 
Table 5-1: Results of post-hoc Tukey tests on PC1 scores for the subspecies of Ursus arctos. The single U. a. 
pruinosus is grouped with U. a. isabellinus. Means for groups in homogeneous subsets are displayed. The group 
sizes are unequal, so the harmonic mean of the group sizes (=3.943) is used. 
 subspecies N Subset for alpha = 0.05 
1 2 
Tukey HSD U. a. arctos 17 -.0116  
U. a. isabellinus 10 -.0066  
U. a. horribilis 4 .0037 .0037 
U. a. beringianus 5 .0090 .0090 
U. a. syriacus 3 .0138 .0138 
U. a. fossilis 3 .0211 .0211 
U. a. marsicanus 2  .0491 
Sig.  .318 .057 
Tukey B U. a. arctos 17 -.0116  
U. a. isabellinus 10 -.0066  
U. a. horribilis 4 .0037  
U. a. beringianus 5 .0090 .0090 
U. a. syriacus 3 .0138 .0138 
U. a. fossilis 3 .0211 .0211 
U. a. marsicanus 2  .0491 
 
Levene’s test of homogeneity of variances shows that the variances on PCs 1 and 2 are not 
significantly unhomogeneous between areas. A K-S test indicates that all areas contain 
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normally distributed data. ANOVA performed on broad area shows that there is no significant 
effect of area on PCs 1 (F(2,38)=0.932, p=0.403) and 2 (F(2,38)=1.937, p=0.158). 
The variances are not significantly unhomogeneously between habitats on PCs 1 and 2. A K-S 
test indicates that all habitats contain normally distributed data. When ANOVA is performed 
with habitat type as fixed factor, there is no significant effect on PC1 (F(4,39)=1.473, p=0.229) 
and PC2 (F(4,39)=1.408, p=0.249). 
Stepwise DFA was performed using seven a priori groups based on subspecies.  The first two 
PCs are used as independent variables. This yields one canonical discriminant function based 
on PC1 that accounts for 100% of the variance. This function separates the seven groups highly 
significantly (Λ=0.595, χ2(6)=18.689, p=0.005). If all groups have equal prior probabilities 39.0% 
of the original grouped specimens and 29.3% of the cross-validated grouped specimens are 
correctly classified. If prior probabilities are calculated from group size 43.9% of the original 
grouped specimens and 39.0% of the cross-validated grouped cases are correctly classified. 
These validation and cross-validation results are not high enough to continue interpreting the 
results.  
Stepwise DFA is also performed using five a priori groups based on region. The first two PCs 
were used as independent variables. No variables are qualified for the analysis when α is set to 
0.01. The analysis is repeated with α=0.05. This yields one canonical discriminant function 
based on PC2 that accounts for 100% of the variance. This function separates the five groups 
significantly (Λ=0.708, χ2(4)=12.079, p=0.017). When all groups have equal prior probabilities 
43.6% of the original grouped specimens and 41.0% of the cross-validated grouped specimens 
are correctly classified. When prior probabilities are calculated from group size 51.3% of both 
original grouped specimens and cross-validated grouped specimens are correctly classified. 
These validation and cross-validation results are not high enough to continue interpreting the 
results. 
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Stepwise DFAs were again performed using four a priori groups based on area or habitat. The 
first two PCs were used as independent variables. No variables are qualified for the analyses 




Fossil U. arctos is very similar to modern brown bears (Figure 5-39). The tooth row of fossil U. 
arctos is shaped similarly to that of U. a. marsicanus, but U. a. fossilis has a relatively short 
distance between the incisors and the canines compared to the other subspecies. Caudally, U. 
a. fossilis is most similar to U. a. beringianus, but its coronoid process is a fraction lower, 
indicating that the in-lever arm of the temporalis was possibly a fraction shorter, although the 
morphological difference is so small that fossil U. arctos might not have experienced any 
mechanical disadvantage.  
 
 
Figure 5-39: Average shape of the mandibles of four subspecies of U. arctos. Purple: U. a. marsicanus; light green: 
U. a. fossilis; army green: U. a. syriacus; pink: U. a. beringianus. The bears from the various habitats are so similar 
that a line diagram would obscure the differences between them. Therefore, a dot diagram has been used. 
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5.3.3 Fossil Ursus spelaeus and Ursus deningeri 
 
U. spelaeus and U. deningeri were analysed separate from the other bears to discern 
intraspecific variation. The various subspecies and localities are the same as used previously 
and are given in Table 5-1 and Table 5-2.  
 
5.3.3.1 Procrustes Superimposition 
 
Procrustes superimposition was performed on 80 mandibles of U. spelaeus and one of U. 
deningeri. The sums of squares are given as a measure of variance withing the dataset. The 
Procrustes sum of squares is 0.1706 and the tangent sum of squares is 0.1700. 
 
5.3.3.2 Allometric Correction 
 
The regression analysis to correct for allometry was not pooled per species in this instance, 
because there is only one specimen of U. deningeri. The result of the regression analysis of the 
Procrustes coordinates of the Procrustes superimposition described above onto LCS of the U. 
spelaeus and U. deningeri mandibles together is shown inFigure 5-40. The total sum of squares 
is 0.1700, of which 0.0163 (9.5577%) is predicted and 0.1538 is residual. A permutation test 
against independence gives p<0.0001, which indicates that the landmark configurations are 






Figure 5-40: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the cave bear lineage (U. deningeri and U. spelaeus) onto the natural logarithm of 
centroid size (LCS) of the mandibulae plotted against LCS. The colours indicate the subspecies of U. spelaeus. The 
single U. deningeri has a slightly larger symbol and is filled with black. 
 
5.3.3.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the regression onto LCS for U. spelaeus and 
U. deningeri.  Based on the results of a scree plot, only the first three PCs will be considered.  
PC1 explains 27.1% of the total variance. There is no clear separation between any of the 
subspecies or regions on PC1 (Figure 5-41 and Figure 5-42). The single U. spelaeus from 
southwestern Europe has a low PC1 score and the single U. deningeri also has a rather low PC1 
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score, but slightly less so. No clear relationship of morphology with latitude or altitude can be 
discerned on PC1 either.  
 
  
Figure 5-41: PCs 1 and 2 of the PCA on the regression residuals of U. spelaeus and U. deningeri after a regression 
analysis of the Procrustes coordinates onto LCS. The colours indicate the subspecies. The single U. deningeri has a 
slightly larger symbol and is filled with black to make it more visible. 
 
PC2 explains 20.7% of the total variance, which is 47.8% together with PC1. There is no clear 
separation between the subspecies or regions (Figure 5-41). The two U. s. deningeroides has 





Figure 5-42: PCs 1 and 3 of the PCA on the regression residuals of U. spelaeus and U. deningeri after a regression 
analysis of the Procrustes coordinates onto LCS. The colours indicate the subspecies. The single U. deningeri has a 
slightly larger symbol and is filled with black to make it more visible. 
 
PC3 explains 12.8% of the total variance, which accumulates to 60.6% together with PCs 1 and 
2. PC3 does not create clear separation between any of the subspecies or regions for U. 






To determine whether there are any significant differences between areas and subspecies 
ANOVA was performed on the first three PCs with subspecies and area as fixed factors and PC 
scores as dependent variables. A K-S test indicates that the data are normally distributed for 
each area and subspecies on the first three PCs. Levene’s tests for homogeneity of variances 
indicate that the variances of area and subspecies are homogeneous on PCs 1 and 2. There are 
no significant results for the ANOVAs on PCs 1 and 2 using subspecies (df1=6, df2=74) or area 
(df1=5, df2=75) as independent variables.  
Levene’s tests for homogeneity show that the variances of area and subspecies on PC3 are 
highly significantly unhomogeneous. A K-S test indicates that neither subspecies nor area has a 
significant influence on PC3.  
 
5.3.3.5 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares was performed on the regression residuals of the regression 
onto LCS in block 1 and latitude and altitude in block 2. Neither of the PLS axes has a significant 
correlation between the two blocks, despite PLS1 explaining 100.0% of the covariance. The 
overall strength of the association between the two blocks is given by the RV coefficient 
0.0204, which is very low. And, a permutation test against the null hypothesis of independence 
gives a non-significant result, indicating that the two blocks could be completely independent. 






As the bears belonging to varying subspecies and coming from varying regions all have very 
similar PC scores, it was not deemed useful to compare their shapes with each other. The 
shape changes associated with each PC will be discussed instead, because they provide 
information on the variation between specimens.  
 
 
Figure 5-43: Shape changes associated with a positive change of 0.1 on PC1 (dark blue) for U. spelaeus and U. 
deningeri as compared to the consensus shape (light blue). The line links the most rostral point on the mandible 
(1) with the alveoli of the canine (6), carnassial (5) and third molar (4), and the triangle links the third molar (4), 
coronoid process (3) and the condyle(2). 
 
The changes associated with a change of 0.1 on PC1 are for the most part found in the relative 
positions of the condyle and the coronoid process. Higher PC1 scores are associated with a 
more caudal position of the tip of the coronoid process relative to the condyle. This 
configuration gives the temporal muscle a shorter in-lever and, therefore, moment arm and is 
an indication of a shorter muscle itself. High PC1 scores are also associated with a relatively 




Figure 5-44: Shape changes associated with a positive change of 0.1 on PC2 (dark blue) for U. spelaeus and U. 
deningeri as compared to the consensus shape (light blue). The line links the most rostral point on the mandible 
(1) with the alveoli of the canine (6), carnassial (5) and third molar (4), and the triangle links the third molar (4), 
coronoid process (3) and the condyle(2). 
 
 
Figure 5-45: Shape changes associated with a positive change of 0.1 on PC3 (dark blue) for U. spelaeus and U. 
deningeri as compared to the consensus shape (light blue). The line links the most rostral point on the mandible 
(1) with the alveoli of the canine (6), carnassial (5) and third molar (4), and the triangle links the third molar (4), 
coronoid process (3) and the condyle(2). 
 
The shape changes associated with a positive change of 0.1 on PC2 are mostly determined by 
the relative positions of the coronoid process and the last molar. Higher PC2 scores are related 
to a caudal position of the last molar relative to the condyle. Additionally, the long distance 
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between the coronoid process and the condyle contributes to the in-lever and moment arm of 
the temporal muscle.  
The shape changes associated with changes in PC3 scores are for a large part governed by the 
relative positions of the distal dental elements. Higher PC3 scores mean that the distal dental 
elements are positioned more ventrally. This increases the moment arm of the resistance at 
the distal dental elements. 
 
5.3.4 Fossil Alpine U. spelaeus 
 
U. spelaeus specimens from the Alps were analysed separately to discern intraspecific 
variation. This area was chosen, because here most work has been done on identifying 
subspecies by other workers (see the introduction for a summary). The various localities are 
the same as used previously and are given in Table 5-1 and Table 5-2.  
 
5.3.4.1 Procrustes Superimposition 
 
Procrustes superimposition was performed on 48 U. spelaeus from the Alps. The sums of 
squares are given as a measure of variance within the dataset. The procrustes sum of squares 
is 0.0860 and the tangent sum of squares is 0.0858.  
 
5.3.4.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all Alpine U. spelaeus mandibles is shown in Figure 5-46. 
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The total sum of squares is 0.0858, of which 0.0096 (11.1422%) is predicted and 0.07623 is 
residual. A permutation test against independence give p<0.0001, which indicates that the 
landmark configurations are not independent of centroid size.  
 
  
Figure 5-46: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the Alpine cave bear onto the natural logarithm of centroid size (LCS) of the 
mandibulae plotted against LCS. The colours indicate the subspecies of U. spelaeus.  
5.3.4.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the pooled regression onto LCS for the 
Alpine U. spelaeus specimens. Based on the results of a scree plot, only the first two PCs are 




Figure 5-47: PCs 1 and 2 of the PCA on the regression residuals of Alpine U. spelaeus after a regression analysis of 
the Procrustes coordinates onto LCS. The colours indicate the subspecies.  
 
PC1 explains 26.4% of the total variance. There is no clear separation between any of the 
subspecies or localities on PC1 (Figure 5-47). Within U. s. ingressus, however, bears from 
Merkensteinhöhle and Mixnitz have similar relatively low PC1 scores, whereas the bears from 
Gamssulzenhöhle can attain much higher values. 
PC2 explains 20.8% of the total variance, which is 47.2% cumulatively with PC1. There is hardly 
any separation on PC2 between the subspecies or localities either (Figure 5-47). Specimens 
from Mixnitz tend to have higher PC2 scores than bears from Merkensteinhöhle, 
Schwabenreithhöhle and Gamssulzenhöhle. The difference between Mixnitz and the other 
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three caves becomes particularly apparent when PCs 1 and 2 are observed together. U. s. 
deningeroides has relatively low PC2 scores. 
 
5.3.4.4 ANOVA and Kruskal-Wallis 
 
To determine whether there are any significant differences between localities and subspecies 
ANOVA was performed on the first two PCs with subspecies or locality as fixed factors and the 
PC scores as dependent variables. K-S tests indicate that the data are normally distributed for 
both subspecies and locality.  
 
Table 5-2: Results of ANOVA post-hoc Tukey tests on PC1 scores for Alpine U. spelaeus for the most important 
localities. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic 
mean of the group sizes (=7.385) is used. 
 region N Subset for alpha = 0.05 
1 2 
Tukey HSD Mixnitz 8 -.0148  
Merkensteinhöhle 6 -.0104 -.0104 
Schwabenreithhöhle 6 -.0048 -.0048 
Gamssulzenhöhle 12  .0064 
Sig.  .458 .080 
Tukey B Mixnitz 8 -.0148  
Merkensteinhöhle 6 -.0104 -.0104 
Schwabenreithhöhle 6 -.0048 -.0048 
Gamssulzenhöhle 12  .0064 
 
 346 
Levene’s test for homogeneity of variances indicates that the variances are not significantly 
unhomogeneous for subspecies on both PCs.  ANOVA is performed on PCs 1 and 2 with 
subspecies as fixed factor excluding U. s. indet.. There is only a highly significant effect on PC2 
(F(3,37)=4.670, p=0.007), but no significant effect on PC1 (F(3,37)=0.378, p=0.769). The single 
U. s. ladinicus is excluded from the analysis to allow for post-hoc Tukey tests, which shows that 
there is a significant difference between U. s. ingressus and U. s. deningeroides, but there is 
only one homogeneous subset. 
Levene’s test for homogeneity of variances indicates that the variances are statistically highly 
significantly unhomogeneous on both PCs for locality. Instead of an ANOVA, a Kruskal-Wallis 
test is performed, which indicates that locality does not have a significant effect on the PC 
scores (df=11). When all smaller localities are removed from the dataset and only localities 
with five or more specimens are included, the results are different. A Levene’s test for 
homogeneity of variances now indicates that the variances are not significantly 
unhomogeneous on either PC, and ANOVA is performed. Locality now has a highly significant 
effect on both PCs (F(3,28)=4.988, p=0.007 for PC1 and F(3,28)=5.007, p=0.007 for PC2). Post-
hoc Tukey tests indicate that, although the bears from Merkensteinhöhle and 
Schwabenreithhöhle can form homogeneous subsets with both bears from Mixnitz and 
Gamsulzenhöhle on PC1, bears from Mixnitz and Gamssulzenhöhle cannot form a 
homogeneous subset with each other (Table 5-2).  On PC2 it is impossible for the bears from 
Mixnitz to form a homogeneous subset with bears from the Schwabenreithhöhle and 
Gamssulzenhöhle (Table 5-3). The bears from Merkensteinhöhle form a homogeneous subset 
with the bears from Schwabenreithhöhle and Gamssulzenhöhle on the one side and with the 
bears from Mixnitz on the other side.  
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Table 5-3: Results of ANOVA post-hoc Tukey tests on PC2 scores for Alpine U. spelaeus for the most important 
localities. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic 
mean of the group sizes (=7.385) is used. 
 region N Subset for alpha = 0.05 
1 2 
Tukey HSD Schwabenreithhöhle 6 -.0046  
Gamssulzenhöhle 12 -.0034  
Merkensteinhöhle 6 .0057 .0057 
Mixnitz 8  .0168 
Sig.  .419 .346 
Tukey B Schwabenreithhöhle 6 -.0046  
Gamssulzenhöhle 12 -.0034  
Merkensteinhöhle 6 .0057 .0057 
Mixnitz 8  .0168 
 
 
5.3.4.5 Two-Block Partial Least Squares Analysis 
 
2B-PLS was performed on the regression residuals of the pooled regression onto LCS and 
latitude and altitude. Neither of the PLS axes has a significant correlation between the two 
blocks despite PLS1 explaining 100.0% of the covariance. The overall strength of the 
association between the two blocks is given by the RV coefficient 0.0684, which is rather low. 
And, a permutation test against the null hypothesis of independence gives a non-significant p-
value, indicating that the two blocks could be independent of each other. So, the 2B-PLS 





The bears from all four caves share very similar morphologies (Figure 5-48). The tooth rows of 
the bears from Merkensteinhöhle and Mixnitz are much straighter than the tooth rows of the 
bears from the other two caves that have elevated canine alveoli. The bears from Mixnitz have 
a relatively long grinding basin and a short distance between the condyle and the most caudal 
part of the tooth row making the moment arm of the resistance relatively short. For the bears 




Figure 5-48: Average shape of the mandibles of U. spelaeus from Mixnitz (dark blue), Gamssulzenhöhle (green), 
Schwabenreithhöhle (red) and Merkensteinhöhle (light blue). The bears from the varying caves are so similar that 
a line diagram would obscure the differences between them. Therefore, a dot diagram has been used in this 
instance. 
 
The shape changes of PC1 are mostly visible in the caudal part of the mandible. Higher PC1 
scores are associated with a relatively rostral position of the tip of the coronoid process, 
decreasing the ideal gape angle, and a relatively long rinding basin caused a caudal shift of the 
last moar. An additional change associate with a positive change of PC1 is a rostrodorsal shitft 
of the incisors.  
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Shape changes associated with PC2 are also most clear in the caudal part of the mandible. High 
PC2 scores are associated with a caudal position of the condyle, a rostral position of the the 
coronoid process, increasing the ideal gape angle, and a ventrorostral position of the caudal 
end of the last molar. Additonally, the alveolus of the canine is poitioned rather rostrodorsally 
for high PC2 scores.  
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Chapter 6 Results Crania 
 
6.1 Crania with Twelve Landmarks 
 
Bear crania (n=37) were analysed; sample sizes are given in Table 6-1. Geographical 
information is given in Appendix A. Extant specimens were analysed first, then U. spelaeus was 
added to the analyses. 
 
Table 6-1: Sample sizes for the analyses of the crania with twelve landmarks of the extant Ursidae species.  
Species Age Frequency 
A. melanoleuca Holocene 2 
T. ornatus Holocene 3 
U. americanus Holocene 4 
U. arctos Holocene 16 
U. spelaeus Pleistocene 7 










6.1.1.1 Procrustes Superimposition 
 
Twelve landmarks in three dimensions of 30 crania were subjected to Procrustes 
superimposition (Figure 6-1). The Procrustes sum of square is 0.1301 and the tangent sum of 
squares is 0.1292. 
 
 
Figure 6-1: The average or consensus shape of the cranium of the extant Ursidae based on twelve landmarks after 
Procrustes superimposition from lateral (upper left), dorsal (lower left), and frontal (right) views; the different 
views are not to the same scale. Definitions of the landmarks are given in Table 2-4. 
 
6.1.1.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates onto LCS pooled per species 
is shown in Figure 6-2. The total sum of squares is 0.0467, of which 0.0027 (5.8474%) is 
predicted and 0.0440 is residual. A permutation test against independence returns a significant 
result, indicating that shape and size are not independent.  
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The 95% confidence intervals of the slopes and intercepts of individual regression analyses per 
species generally overlap, the only exception being A. melanoleuca, which does not overlap 
with at least one of the other species on each Procrustes coordinate, apart from the first, 18th 
and 32nd, and T. ornatus also causes disagreement on Procrustes coordinate 33 (Appendix B). 
This is most likely caused by the fact that A. melanoleuca only has two specimens leading to 
the absence of a confidence interval. Therefore, the regression residuals of the pooled 
regression were used for the following analyses.  
 
 
Figure 6-2: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the Holocene bear species given in Table 6-1 onto the natural logarithm of centroid 
size (LCS) of the mandibulae pooled per species plotted against LCS.  
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6.1.1.3 Principal Components Analysis 
 
Principal components analysis (PCA) was performed on the regression residuals of the 
regression onto LCS pooled per species. Based on the results of a scree plot, only the first three 
PCs were considered.  
 
 
Figure 6-3: PCs 1 and 2 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of the extant Ursidae onto LCS. The colours indicate the most important food item. 
 
PC1 explains 42.5% of the total variance. PC1 separates the three bear species that have soft 
mast as most important food item (Figure 6-3). U. arctos has relatively high PC1 scores, T. 
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ornatus has relatively low PC1 scores and U. americanus is intermediate, but closer to U. 
arctos. The PC1 scores of U. thibetanus are most similar to U. americanus and those of A. 
melanoleuca are most similar to those of T. ornatus. PC1 also distinguishes between members 




Figure 6-4: PCs 1 and 3 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of the extant Ursidae onto LCS. The colours indicate the most important food item. The grey area 
indicates the combination of PC1 and PC3 scores that is not occupied by any specimens. 
 
PC2 explains 19.9% of the total variance, which is 62.4% cumulatively with PC1. PC2 separates 
the three dietary categories (Figure 6-3). U. thibetanus, which has hard mast as most 
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important food item, has rather low PC2 scores. A. melanoleuca, which has foliage as most 
important food item, has high PC2 scores. Bears with soft mast as most important food item 
have intermediate scores.  
PC3 explains 11.1% of the total covariance, which accumulates to 73.6% together with PCs 1 
and 2. A. melanoleuca has low PC3 scores, whereas T. ornatus has high PC3 scores and the 
other bear species have intermediate scores. There is an interesting intraspecific split within all 
species belonging to the genus Ursus when PCs1 and 3 are considered together. One male U. 
thibetanus from Kashmir and one U. americanus from Alaska of unknown sex have higher PC3 
scores than the rest. One female U. arctos from Lake Ladoga has lower PC3 scores than the 
others of the same species.  
 
6.1.1.4 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares was performed on the regression residuals of the regression 
onto LCS pooled per species in block 1 and latitude, altitude and the climatic variables listed in 
Table 2-1 in block 2. The first PLS axis does not have a significant correlation between the two 
blocks, despite explaining 97.9% of the covariance. The overall strength of the association 
between the two blocks is given by the RV coefficient: 0.0834, and a permutation test against 
the null hypothesis of independence gives a non-significant result, indicating a possible 
independence between the two blocks. So, the 2B-PLS analysis on latitude, altitude and the 
climatic variables listed in Table 2-1 was not interpreted further.  
Two-block partial least squares analysis (2B-PLS) was also performed on the regression 
residuals of the regression onto LCS pooled per species in block 1 and the dietary variables 
listed in Table 2-1 in block 2. Based on the result of a scree plot and the criterion of high 
significance, only the first three PLS axes are considered. 
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Figure 6-5: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of the extant Ursidae after a regression 
analysis of the Procrustes coordinates onto LCS the dietary variables listed in Table 2-1. 
 
The overall strength of the association between the two blocks is given by the RV coefficient: 
0.4855. A permutation test against the null hypothesis of independence gives p=0.0002, 
indicating that the two blocks are not independent.  
PLS1 explains 72.9% of the total covariance with a correlation of 0.8926 between the two 
blocks (p=0.0038). PLS1 separates A. melanoleuca from the other bear species, having high 
PLS1 scores (Figure 6-5).  In block 2 PLS1 is mostly determined by the percentages of foliage 
and soft mast in the diet.  
PLS2 explains 23.2% of the total covariance with a correlation between blocks of 0.7660 






thibetanus and T. ornatus have relatively low PLS2 scores. U. americanus has intermediate 
scores and U. arctos has rather high scores. In block 2, PLS2 is mostly associated with the 
relative amounts of hard mast and vertebrates in the diet. 
 
 
Figure 6-6: PLS axes 2 and 3 of the 2B-PLS on the regression residuals of the extant Ursidae after a regression 
analysis of the Procrustes coordinates onto LCS the dietary variables listed in Table 2-1. 
 
PLS3 explains 3.9% of the total covariance between the blocks with a correlation of 0.6411 
(p=0.0001). U. arctos and U. thibetanus have relatively low PLS3 scores. U. americanus and A. 
melanoleuca have intermediate scores and T. ornatus is highest up the scale. PLS3 is mostly 







are similar to those of U. americanus, the intermediate position on PLS3, however, is due to its 




The general shape of the skull varies per dietary category (Figure 6-7). Bears that eat foliage 
(green in Figure 6-7) have a dorsoventrally deep cranium. Their zygomatic arch is also 
dorsoventrally very deep compared to the other two dietary categories. Additionally, their 
skull not only possesses a very wide zygomatic arch, the supraorbital process is located very 
close to the midsaggital plane, resulting in more room for the masticatory muscles. Bears that 
eat mostly hard mast (brown in Figure 6-7) and soft mast (pink in Figure 6-7) have quite similar 
morphologies. The main difference is that bears that eat mostly hard mast have a 
dorsoventrally shallower cranium than bears that eat mostly soft mast. Bears that eat soft 
mast have a relatively forwardly positioned canine. All rostra are approximately equally wide, 
but the maxilla is long in A. melanoleuca. 
Within bears that eat soft mast as most important food item, there is some morphological 
variation too. T. ornatus (green in Figure 6-8) has a dorsoventrally deeper cranium rostrally 
than the other two species. T. ornatus also has the widest zygomatic arch, creating more space 
for its masticatory muscles. Additionally, T. ornatus has a very wide rostrum. There are not 
many differences between U. arctos (pink in Figure 6-8) and U. americanus (orange in Figure 
6-8). The main difference is that U. arctos has a very straight caudal side of the cranium, 
because the basion, opisthion and occipital protuberance are all in one line.  
There are several shape changes associated with a positive change on PC1. Crania with higher 
PC1 scores are shallower dorsoventrally, as are their zygomatic arches. The zygomatic arches 
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are also closer to the cranium, leaving less room for masticatory muscles. Animals with higher 
PC1 scores also have caudorostrally longer maxillae. 
 
 
Figure 6-7: Average shapes 
of the crania per dietary 
category from lateral 
(upper left), dorsal (lower 
left), and frontal (right) 
views. The landmarks are 
described in Figure 6-1 and Table 2-4. Green: foliage (A. melanoleuca); pink: soft mast (T. ornatus, U. arctos and 
U. americanus); brown: hard mast (U. thibetanus). 
 
Shape changes associated with PC2 and PLS1 of the analysis on the dietary variables are very 
similar. High PC2 and PLS1 scores are associated with a dorsoventrally deep cranium. The 
zygomatic arch is deeper dorsoventrally and wider. The supraorbital process is relatively flat, 
leaving much room for the masticatory muscles. The maxilla of animals with high PC2 and PLS1 
scores is long caudorostrally. 
Shape changes associated with a change of 0.1 on PLS2 of the analysis on the dietary variables 
include a somewhat deeper cranium dorsoventrally, a rather wide and caudally located 
supraorbital process and a shorter skull (minus the rostrum) for higher scores. The rostrum 
itself extends relatively far rostrally. The zygomatic arch is slightly narrower than the mean 
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shape. The caudal end of the cranium is very straight as the occipital protuberance is in one 
line with the basion and the opisthion on the foramen magnum. 
 
 
Figure 6-8: Average shapes 
of the crania for the species 
with intermediate PC2 
scores that have soft mast 
as most important food 
item in their diets from 
lateral (upper left), dorsal (lower left), and frontal (right) views. The landmarks are described in Figure 6-1 and 
Table 2-4. Pink: U. arctos; green: T. ornatus; orange: U. americanus. 
 
The shape changes associated with PC3 and PLS3 of the analysis on the dietary variables are 
similar, but not the same. High scores are associated with a rather vertical upper part of the 
face, making the rostrum relatively longer. For high PC3 scores there is the additional shape 
change that the roof of the mouth is positioned very ventrally compared to the upper part of 
the face. Additionally, the zygomatic arch is rather shallow dorsoventrally for both high PC3 
and PLS3 scores. The zyomatic arch is relatively wide, but the supraorbital process is also 
wider, so there still is not much room for the masticatory muscles. The maxilla is relatively 
broad, but not very long caudorostrally. 
Not included in these analyses are the crania of U. malayanus and M. ursinus. The sloth bear, 
however, has additional cranial adaptations to insect feeding (personal observation): the roof 
 361 
of the mouth of sloth bears is very curved and sloth bears do not have any mesial upper 
incisors. These two features may facilitate movement of the tongue in and out of the mouth. 
The lack of incisors, in particular, may allow sloth bears to roll their tongue into a straw-like 
structure for sucking up insects. 
 
6.1.2 Extant and Fossil Ursidae 
 
6.1.2.1 Procrustes Superimposition 
 
Seven U. spelaeus were added to the dataset for the Procrustes superimposition, resulting in a 
total of 37 extant and fossil bear crania in the dataset. The Procrustes sum of squares is 0.1719 
and the tangent sum of squares is 0.1706. 
 
6.1.2.2 Allometric Correction 
 
The result of the regression analysis of the Procrustes coordinates of the Procrustes 
superimposition above onto LCS of all bear mandibles together is shown in Figure 6-9. The 
total sum of squares is 0.0592, of which 0.0040 (6.7456%) is predicted and 0.0552 is residual. A 
permutation test against independence gives p=0.0044., indicating that shape is not 
independent of size.  
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Figure 6-9: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the extant Ursidae plus U. spelaeus (Table 6-1) onto the natural logarithm of 
centroid size (LCS) of the crania pooled per species plotted against LCS.  
 
A test for common slopes and intercepts shows that A. melanoleuca has a different slope from 
at least one of the other species on every Procrustes coordinate, apart from Procrustes 
coordinates 1, 18 and 32. This is due to the fact that there are only two A. melanoleuca 
specimens available, which provide no confidence interval. Additionally, T. ornatus does not 
have overlap with all other species on Procrustes coordinate 33 and 36, and U. americanus and 
U. spelaeus have different slopes on Procrustes coordinate 31. The majority of slopes have 
95% confidence intervals that overlap, so the regression residuals of the pooled regression are 
used in further analyses.  
 363 
The regression residuals of the regression with and without fossils of the Procrustes 
coordinates onto LCS are highly correlated with each other. Twelve Pearson’s correlation 
coefficients are 1.000. All others do not drop below 0.990, apart from five, which still do not 
drop below 0.975. All correlations are highly significant (p=0.000). 
 
6.1.2.3 Principal Components Analysis 
 
PCA was performed on the regression residuals of the regression onto LCS pooled per species 
for the exant specimens and the seven U. spelaeus together. Pearson’s correlation coefficient 
(r) for the extant specimens of both datasets (with and without fossils) is 0.966 for PC1 and is 
highly significant (p=0.000). PCs 2 and 3 have correlation coefficients of 0.860 and 0.959 
respectively, which are also highly significant (p=0.000). As there are only seven U. spelaeus 
crania in this analysis, it is not possible to work with a subset of this species and caution needs 
to be taken when interpreting PC2 and consequently PC3.  
Including fossils, PC1 explains 54.8% of the total variance. PC1 separates U. spelaeus from the 
extant bear species for having relatively high PC1 scores (Figure 6-10 and Figure 6-11).  
PC2 explains 14.9% of the total variance, which is 69.8% cumulatively with PC1. U. spelaeus has 
PC2 scores that are comparable to T. ornatus and does not overlap at all with A. melanoleuca 
and U. thibetanus. The closest living relative of U. spelaeus, U. arctos, has PC2 scores that 
overlap with those of U. spelaeus, but are lower on average. 
PC3 explains 7.8% of the total variance, which is 77.6% together with the first two PCs.  Two U. 
spelaeus, from Merkensteinhöhle and Moravský Kras, have lower PC3 scores than the other 
five, which is indicated by a grey area on the graph (Figure 6-11). This grey area also shows one 
brown bear has lower, and one American and one Asiatic black bear have higher PC3 scores 
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than the others of the same species. A similar pattern, thus, is observed in the extant species 
belonging to the genus Ursus and U. spelaeus (Figure 6-4 and Figure 6-11). 
 
 
Figure 6-10: PCs 1 and 2 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of extant Ursidae plus U. spelaeus onto LCS. The colours indicate the most important food item. Red 





Figure 6-11: PCs 1 and 3 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of all Ursidae onto LCS. The colours indicate the most important food item. Red indicates that the 
specimen is fossil and most important food item is unknown. The grey area indicates the range of PC3 scores that 
is not occupied by any specimens. 
  
6.1.2.4 ANOVA and Discriminant Function Analysis 
 
To give an indication of what may have been the most important food item in the diet of U. 
spelaeus, ANOVAs were conducted with the PC scores as independent variables, and the most 
important food item as fixed factor.  A K-S test indicates that the data are normally distributed 
for each dietary category and a Levene’s test shows that all variances are homogeneous. Most 
important food item has a highly significant effect on all three PC axes (F(3,33)=23.179, 
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p=0.000 for PC1, F(3,33)=61.397, p=0.000 for PC2 and F(3,33)=6.296, p=0.002 for PC3).  The 
results for the post-hoc Tukey tests on PC1 indicate that U. spelaeus does not form a 
homogeneous subset with any of the extant bears (Table 6-2). The post-hoc Tukey HSD and B 
tests on PC2 give different results (Table 6-3). According to the Tukey HSD test, U. spelaeus 
forms a homogeneous subset with bears that have soft mast as their most important food 
item. The Tukey B test, on the other hand, shows that U. spelaeus does not form a 
homogeneous subset with any of the extant dietary categories. The post-hoc Tukey tests show 
that, on PC3, only bears that eat mostly soft mast and those that eat mostly foliage cannot 
form homogeneous subsets with each other (Table 6-4). Thus, PC3 may be able to distinguish 
between these to dietary categories. U. spelaeus is capable of forming homogeneous subsets 
with any of the exant dietary categories, which means that, for this species, it is not possible to 
indicate which food items are likely or unlikely to have been important based on PC3. 
 
Table 6-2: Results of ANOVA post-hoc Tukey HSD and B tests on the PC1 scores for all Ursidae. Means for groups 
in homogeneous subsets are displayed. The group harmonic mean of the group sizes is used, which is 4.513. 
 Most important 
food item 
N Subset for alpha = 0.05 
1 2 3 
Tukey HSD foliage 2 -.0708   
hard mast 5 -.0567 -.0567  
soft mast 23  -.0084  
U. spelaeus 7   .0882 
Sig.  .926 .170 1.000 
Tukey B foliage 2 -.0708   
hard mast 5 -.0567 -.0567  
soft mast 23  -.0084  
U. spelaeus 7   .0882 
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Table 6-3: Results of ANOVA post-hoc Tukey HSD and B tests on the PC2 scores for extant Ursidae plus U. 
spelaeus. Means for groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic 
mean of the group sizes is used, which is 4.513. 
 Most important 
food item 
N Subset for alpha = 0.05 
1 2 3 4 
Tukey HSD hard mast 5 -.0358    
soft mast 23  -.0054   
U. spelaeus 7  .0151   
foliage 2   .0983  
Sig.  1.000 .080 1.000  
Tukey B hard mast 5 -.0358    
soft mast 23  -.0054   
U. spelaeus 7   .0151  
foliage 2    .0983 
 
Stepwise DFA was performed using three a priori groups based on the most important food 
item in the diet of the extant bears: foliage, hard mast and soft mast (Table 6-5 and Table 6-6).  
All three PCs were used as independent variables. This yields two canonical discriminant 
functions that account for 90.3% and 9.7% of the variance. These functions separate the three 
groups significantly (Λ=0.659, χ2(6)=15.033, p=0.020). When all groups have equal prior 
probabilities 100.0% of the orginal grouped specimens and 96.7% of the cross-validated 
grouped specimens are correctly classified. When prior probabilities are calculated from group 
size 100.0% of both original and cross-validated grouped specimens are correctly classified. In 
both analyses, 100% of the U. spelaeus specimens is classified with bears that have soft mast 
as most important food item.  
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Table 6-4: Results of ANOVA post-hoc Tukey HSD and B tests on the PC3 scores for extant Ursidae. Means for 
groups in homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean of the group 
sizes is used, which is 4.513. 
 Most important 
food item 
N Subset for alpha = 0.05 
1 2 
Tukey HSD foliage 2 -.0331  
hard mast 5 -.0206 -.0206 
U. spelaeus 7 -.0050 -.0050 
soft mast 23  .0089 
Sig.  .117 .092 
Tukey B foliage 2 -.0331  
hard mast 5 -.0206 -.0206 
U. spelaeus 7 -.0050 -.0050 
soft mast 23  .0089 
 
A Levene’s test for homogeneity of variances indicates that within U. spelaeus the variances of 
the two groups, above and below the grey area, are not significantly different. A K-S test shows 
that all species have normally distributed data, both within the species as a whole and split 
into a subsets from above and below the grey area. Within the extant member of the genus 
Ursus, there is a significant difference between the two groups on PC3 according to ANOVA 
with the position according to the grey areas as fixed factor (F(1,35)=104.691, p=0.000), but 
not on the other PCs (df1=1, df2=35). U. spelaeus from Merkensteinhöhle and Moravský Kras 
are, however, significantly different from the other U. spelaeus on all three PCs (t(5)=4.226, 
p=0.008 for PC1, t(5)=-3.378, p=0.020 for PC2 and t(5)=-16.265, p=0.000 for PC3), indicating 
that these two might be different from the rest for other reasons than the extant species. 
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Table 6-5: Classification results of the discriminant function analysis on the first three PCs to predict most 
important food item in the diet of U. spelaeus. All groups have equal prior probabilities.  
 Most important 
food item 
Predicted Group Membership Total 
foliage hard mast soft mast 
Original Count foliage 2 0 0 2 
hard mast 0 5 0 5 
soft mast 0 0 23 23 
ungrouped 0 0 7 7 
% foliage 100.0 .0 .0 100.0 
hard mast .0 100.0 .0 100.0 
soft mast .0 .0 100.0 100.0 
ungrouped .0 .0 100.0 100.0 
Cross-validated Count foliage 2 0 0 2 
hard mast 0 5 0 5 
soft mast 0 1 22 23 
% foliage 100.0 .0 .0 100.0 
hard mast .0 100.0 .0 100.0 








Table 6-6: Classification results of the discriminant function analysis on the first three PCs to predict most 
important food item in the diet of U. spelaeus. Prior probabilities are calculated from group size.  
 Most important 
food item 
Predicted Group Membership Total 
foliage hard mast soft mast 
Original Count foliage 2 0 0 2 
hard mast 0 5 0 5 
soft mast 0 0 23 23 
ungrouped 0 0 7 7 
% foliage 100.0 .0 .0 100.0 
hard mast .0 100.0 .0 100.0 
soft mast .0 .0 100.0 100.0 
ungrouped .0 .0 100.0 100.0 
Cross-validated Count foliage 2 0 0 2 
hard mast 0 5 0 5 
soft mast 0 0 23 23 
% foliage 100.0 .0 .0 100.0 
hard mast .0 100.0 .0 100.0 
soft mast .0 .0 100.0 100.0 
 
6.1.2.5 Two-Block Partial Least Squares Analysis 
 
After seven U. spelaeus were added to the dataset for the 2B-PLS on the dietary variables, 
PLS2 reverses the trend of PLS1 in the analysis without fossils. PLS1 of the analysis on the 
extant bears and PLS2 of the analysis on all bears have Pearson’s correlation coefficients (r) of  
-0.999 (p=0.000) in both blocks. PLS2 of the current analysis, therefore, can be interpreted 
according to PLS1 of the analysis on the extant specimens.  
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Including fossils, the overall strength of the association between the two blocks is given by the 
RV coefficient: 0.5954. A permutation test against the null hypothesis of independence gives 
p<0.0001, indicating that the two blocks are not independent.  
PLS2 explains 22.6% of the covariance between the two blocks with a correlation of 0.8972 
(p<0.0001). Based on this 2B-PLS it is only possible to determine that the morphology of the 




Figure 6-12: PLS axes 1 and 2 of the 2B-PLS on the regression residuals of extant Ursidae plus U. spelaeus after a 







The shape of the mandible of U. spelaeus is generally most similar to U. arctos and, therefore, 
is compared with this species in Figure 6-13. U. spelaeus (green in Figure 6-13) has a slightly 
deeper cranium dorsoventrally than U. arctos (pink in Figure 6-13). Its zygomatic arch is deeper 
as well. The zygomatic arches are approximately equally wide for both U. arctos and U. 
spelaeus. The upper part of the face of U. spelaeus is positioned relatively caudally, whereas 
the canines are positioned relatively rostrally, thereby increasing the relative length of the 
rostrum compared to U. arctos. 
 
Figure 6-13: Average 
shapes of the crania 
based on twelve of 
the seven U. spelaeus 
(green) and their 
closest living relative U. arctos (pink) from lateral (upper left), dorsal (lower left), and frontal (right) views. The 




The phylogeny of Ursidae is highly significantly correlated with the PC scores and significantly 
correlated with the PLS scores. The phylogeny overlain on the PC scores is shown in Figure 
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6-14 and Figure 6-15 and the phylogeny overlain on the PLS scores is shown in Figure 6-16. PCs 
1 and 2 and PLS axes 1 and 2 display the same pattern, but turned 180°. 
 
 
Figure 6-14: Phylogenetic overlay onto PC1 and PC2 of the principal components analysis on the regression 
residuals of all members of the family Ursidae after a regression analysis of the Procrustes coordinates onto LCS 
pooled per species. Uth=U. thibetanus; Uar=U. arctos; Uam=U. americanus; Usp=U. spelaeus; Ame=A. 
melanoleuca; Tor=T. ornatus. 
 
On PC1, U. spelaeus has developed in positive and on PLS2 in negative direction, whereas all 
other species have developed in opposite direction. This may indicate that the shape changes 
undergone by U.spelaeus associated with PC1 and PLS2 are not analogous to the adaptations 




Figure 6-15: Phylogenetic overlay onto PC1 and PC3 of the principal components analysis on the regression 
residuals of all members of the family Ursidae after a regression analysis of the Procrustes coordinates onto LCS 
pooled per species. Uth=U. thibetanus; Uar=U. arctos; Uam=U. americanus; Usp=U. spelaeus; Ame=A. 
melanoleuca; Tor=T. ornatus. 
 
On PC2, U. spelaeus shows a positive development, as well as A. melanoleuca, whereas all 
other species exhibit a negative development. This may indicate that U. spelaeus shares 
masticatory adaptations with A. melanoleuca for eating foliage and may have required 
adaptations more similar to A.melanoleuca than its closest living relative U. arctos. 
On PC3, T. ornatus and U. arctos develop in positive direction, whereas all other species 




Figure 6-16: Phylogenetic overlay onto PLS1 and PLS2 of the 2B-PLS on the regression residuals of all members of 
the family Ursidae after a regression analysis of the Procrustes coordinates onto LCS pooled per species. Uth=U. 
thibetanus; Uar=U. arctos; Uam=U. americanus; Usp=U. spelaeus; Ame=A. melanoleuca; Tor=T. ornatus. 
 
6.2 Six Landmarks on the Cranial Side 
 
6.2.1 Fossil U. spelaeus 
 
The cranial side of U. spelaeus, digitised with six landmarks indicated in Table 2-4, was 
analysed separately from the other bear species to discern intraspecific variation. The side of 
the cranium of 27 specimens were digitised and analysed. The various subspecies and localities 
are given in Table 6-1 and Table 6-2. A list of specimens and geographical information is given 
in Appendix A. 
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Table 6-1: Sample sizes of crania of the subspecies of U. spelaeus used for the analysis with six landmarks 
focusing on the side of the cranium. 
Subspecies Frequency 
U. s. eremus 2 
U. s. ingressus 6 
U. s. spelaeus 2 
U. s. indet. 17 
 
Table 6-2: Numbers of crania from each locality for U. spelaeus used for the analyses with 6 landmarks focusing 

















6.2.1.1 Procrustes Superimposition 
 
Procrustes superimposition was performed on six landmarks in three dimensions of 27 crania 
of U. spelaeus. The average shape of the sides of the crania is depicted in Figure 6-17. The 
sums of squares of the Procrustes distance between each specimen and the consensus shape 
is given as a measure of variance within the dataset analogous to standard error in traditional 
morphometrics. The Procrustes sum of squares is 0.0929 and the tangent sum of squares, 
slightly lower, is 0.0925, indicating relatively little variance.  
 
Figure 6-17: The average or consensus shape of the side of the cranium of Ursus spelaeus based on six landmarks 
after Procrustes superimposition from laterocaudal (upper left), frontolateral (lower left), and frontoventral 
(right) views; the different views are not to the same scale. 1: opisthion; 2: basion; 3: mastiodale; 4: ventral end 
of the temporozygomatic suture 5: ventral end of the zygomaticomaxzillary suture; 6: dorsal end of the 
temporozygomatic suture. 
 
6.2.1.2 Allometric Correction 
 
The regression score of the regression analysis on the Procrustes coordinates of the Procrustes 
superimposition described above onto the natural logarithm of centroid size (LCS) of the sides 
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of the crania of classic cave bear (U. spelaeus) is plotted against LCS in Figure 6-18. To indicate 
the relative amount of variation for which the regression accounts, the total, predicted and 
residual sums of squares are given. The total sum of squares is 0.0925, equal to the tangent 
sum of squares of the Procrustes superimposition, of which 0.0145 (i.e., 15.6566%) is predicted 
by the regression analysis and 0.0780 is residual. A permutation test with 10,000 
randomisation rounds against the null hypothesis of independence returns a highly significant 
result (p=0.0001), indicating that the landmark configurations on the sides of the crania of U. 
spelaeus are not independent of the natural logarithm of centroid size. 
 
  
Figure 6-18: Scatterplot of the regression scores of the regression analysis of the Procrustes coordinates of the 
Procrustes superimposition of the cave bear lineage onto the natural logarithm of centroid size (LCS) of the sides 
of the crania plotted against LCS. The colours indicate the subspecies of U. spelaeus. 
 379 
6.2.1.3 Principal Components Analysis 
 
Principal components analysis (PCA) was performed on the regression residuals of the 
regression analysis on the Procrustes coordinates of the Procrustes superimposition onto the 
LCS of the sides of the crania of classic cave bear. Based on the results of a scree plot, only the 
first three PCs are considered for further interpretation. 
 
 
Figure 6-19: PCs 1 and 2 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of U. spelaeus onto LCS. The colours indicate the subspecies of U. spelaeus. 
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PC1 explains 30.7% of the total variance. PC1 does not show much separation between the 
subspecies or the areas (Figure 6-19). U. s. eremus, however, does have relatively low PC1 
scores, it hardly overlaps with U. s. ingressus and does not overlap with U. s. spelaeus at all. 
Additionally, cave bears from northwestern Europe, although their PC1 scores overlap with 




Figure 6-20: PCs 1 and 3 of the PCA on the regression residuals of the regression analysis of the Procrustes 
coordinates of U. spelaeus onto LCS. The colours indicate the subspecies of U. spelaeus. 
 
PC2 explains 25.4% of the total variance, which is 56.1% together with PC1. On PC2, U. s. 
ingressus tends to have lower scores than U. s. spelaeus and U. s. eremus (Figure 6-19 and 
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Figure 6-20). PC2 scores of cave bears from central and northeastern Europe barely overlap, 
whereas cave bears from northwestern Europe have intermediate scores. 
The first two PCs together separate the three subspecies from each other. U. s. eremus is 
mostly distinguished by its low PC1 scores and somewhat high PC2 scores. U. s. ingressus has 
relatively low PC2 scores, particularly at low PC1 scores. U. s. spelaeus is intermediate between 
these two subspecies. There is hardly any overlap on PC2 between the bears from central and 
northeastern Europe, whereas the bears from northwestern Europe overlap with both. No 
relationship between morphology and latitude or altitude can be discerned on PC1 or PC2. 
PC3 explains 16.9% of the total variance, which accumulates to 73.0% together with PCs 1 and 
2. PC3 does not create clear separation between any of the areas on its own (Figure 6-20). 
Together with PC2, however, it is possible to distinguish between areas. The bears from central 
Europe have high PC2 and low PC3 scores and do not overlap at all with the bears from the 
Alps and northeastern Europe. The bears from northwestern Europe are intermediate 
between the bears from northeastern and central Europe and only overlap slightly with either. 
Classic cave bear (U. s. spelaeus) does not overlap at all with either U. s. eremus or U. s. 
ingressus. There is no visible relationship between morphology and latitude or altitude on PC3. 
  
6.2.1.4 Kruskal-Wallis and (M)ANOVA 
 
To determine whether the differences between areas and subspecies observed in the PCA are 
indeed significant, ANOVA and MANOVA were performed on the first three PCs with 
subspecies and area as fixed factors and the PC scores as dependent variables. K-S tests 
indicate that the data are normally distributed for each area and subspecies on the first three 
PCs. Levene’s tests for homogeneity of variances indicate that the variances on PCs 2 and 3 are 
homogeneous for both subspecies and area, whereas the variances on PC1 are only 
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homogeneous for subspecies, but not for area. There are no significant results for the ANOVA 
using subspecies as independent variable (df1=3, df2=23) and no post-hoc tests are 
performed.  
 
Table 6-3: Results of ANOVA post-hoc Tukey tests on PC2 scores for U. spelaeus per area. Means for groups in 
homogeneous subsets are displayed. The group sizes are unequal, so the harmonic mean of the group sizes 
(=5.625) is used. 
 
 




N. E. and S. E. Europe 9 -.0146  
European Alps 10 -.0043 -.0043 
N. W. Europe 4 .0144 .0144 
Central Europe 4  .0291 
Sig.  .214 .125 
Tukey B N. E. and S. E. Europe 9 -.0146  
European Alps 10 -.0043 -.0043 
N. W. Europe 4 .0144 .0144 
Central Europe 4  .0291 
 
A Kruskal-Wallis test on PC1 with area as fixed factor does not return a significant result 
(χ2(4)=0.699, p=0.951) and no post-hoc tests are performed. An ANOVA on PC2 with area as 
fixed factor, however, does give a significant result (F(4,22)=2.972, p=0.042). To perform post-
hoc Tukey tests, the single specimen from southeastern Europe is grouped with the specimens 
from northeastern Europe based on their geographic proximity. Post-hoc Tukey tests indicate 
that the bears from eastern Europe and central Europe are the only two groups that are 
significantly different from each other and each is excluded from one of the homogeneous 
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subsets (Table 6-2). ANOVA on PC3 does not give a significant result (F(4,22)=1.984, p=0.132) 
and no post-hoc tests are performed. 
MANOVA on the first three PCs with area and subspecies as fixed factors returns insignificant 
effects for both area (Λ=0.335, F(12,45)=1.933, p=0.055) and subspecies (Λ=0.486, 
F(9,42)=1.590, p=0.150) on the PC scores. Subsequent separate univariate ANOVAs on the 
outcome variables reveal a significant effect only for the effect of area on PC2 (F(4,19)=3.947, 
p=0.017), which agrees with the ANOVA results. Post-hoc Tukey tests only give one 
homogeneous subset. 
 
6.2.1.5 Two-Block Partial Least Squares Analysis 
 
Two-block partial least squares analysis was performed on the regression residuals of the 
regression analysis of the Procrustes coordinates of the Procrustes superimposition onto the 
LCS of the sides of the crania of classic cave bear in block 1 and latitude and altitude in block 2. 
Neither of the PLS axes has a significant correlation between the two blocks, despite PLS1 
explaining 100.0% of the covariance. The overall strength of the association between the two 
blocks is given by the RV coefficient 0.0875. And a permutation test against the null hypothesis 
of independence does not give a significant result, indicating that the two blocks could be 




An important difference between the subspecies of U. spelaeus is the position of the 
mastiodale (Figure 6-21). The mastiodale is positioned most ventrally in U. s. eremus and most 
dorsally in U. s. ingressus, U. s. spelaeus is intermediate. The tip of the mastiodale is the 
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attachment area for the brachicephalic muscle. Without information on the limbs, however, it 
is not possible to say how this influences biomechanics. U. s. ingressus has the longest 
zygomatic bone, followed by U. s. spelaeus and U. s. eremus has the shortest zygomatic bone. 
The zygomatic arch of U. s. spelaeus is the widest and that of U. s. eremus the narrowest of the 
three species. All other things being equal, this would result in most space for the masticatory 
muscles in U. s. spelaeus and least in U. s. eremus.  
 
Figure 6-21: Average shapes of the mandibles from laterocaudal (upper left), frontolateral (lower left), and 
frontoventral (right) views. The landmarks are described in Figure 6-17. Red: U. s. ingressus; blue: U. s. spelaeus; 
purple: U. s. eremus.  
 
The three areas are mostly distinguished by the shape of the zygomatic bone (Figure 6-22). 
Cave bears from northeastern Europe have long and thick zygomatic bones, whereas cave 
bears from northwestern Europe have short and thin zygomatic bones. Cave bears from 
central Europe have zygomatic bones that are of intermediate length that are relatively thick 
and the dorsal end of the temporozygomatic suture is positioned rather rostrally compared to 
the other two areas. Additionally, bears from northwestern Europe have a narrow zygomatic 
arch, leaving little room for the masticatory muscles. Cave bears from northeaster Europe have 
a relatively dorsal mastiodale, which results in a relatively long digastric muscle. 
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Figure 6-22: Average shapes of the mandibles from laterocaudal (left), frontolateral (middle), and frontoventral 
(right) views. The landmarks are described in Figure 6-17. Dark pink: northeastern Europe; light pink: 
northwestern Europe; green: central Europe.  
  
PC1 is mainly determined by changes in the position of the mastiodale and the ventral end of 
the temporozygomatic suture. Higher PC1 scores indicate a more dorsal mastiodale. Higher 
PC1 scores are also associated with a more caudal position of the ventral end of the 
temporozygomatic suture, indicative of a long zygomatic arch. Bears with high PC1 scores also 
have a rather wide zygomatic arch. The long and wide zygomatic arch gives much room for the 
masticatory muscles.  
The shape changes associated with PC2 are mostly determined by the position of the ventral 
end of the zygomaticomaxillary suture. High PC2 scores indicate a long zygomatic arch, which 
is not very wide. Additionally, the zygomatic bone of bears with high PC2 scores is somewhat 
narrow.  
The main feature associated with PC3 is the width of the zygomatic arch, which becomes 
narrower with higher PC3 scores. Additionally, the zygomatic bone is not very deep. 
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Chapter 7 Discussion 
 
7.1 Achieving the Research Objective 
 
The present thesis assesses the masticatory adaptations of fossil and extant bears, both inter- 
and intraspecifically. Cave bears, which inhabited Europe during the Pleistocene, are the focus 
of the present study. Pleistocene Europe was characterised by large climatic fluctuations called 
glacials and interglacials (Rousseau et al. 2001).  
To assess the potential interactions between environment and bears in the Pleistocene, the 
objective of this research was to identify environmental factors that have influenced the 
masticatory morphology of Pleistocene fossil bears. For this purpose, the main hypothesis, that 
the masticatory morphology of cave bears is influenced by environmental factors, was tested 
in two steps. First, the masticatory morphology of extant bears was correlated to their 
environment and behaviour. Second, inferences regarding the environment and behaviour of 
the fossil bears were made based on morphological similarities with extant bears.  
Previous work on cave bears based on morphology, stable isotopes and tooth microwear 
analysis has not led to an agreement on their diet or behaviour (Athen 2006, 2007; Bocherens 
et al. 1997; Bocherens et al. 1994; Figueirido et al. 2009; Hilderbrand et al. 1996; Osborn 2010; 
Peigné et al. 2009; Pinto Llona 2006; Quilès et al. 2006; Rabal-Garcés et al. in press; Richards et 
al. 2008). Previous morphological and morphometrical studies have, however, shown a strong 
correlation between feeding ecology and craniodental morphology for the extant members of 
the family Ursidae (Christiansen 2008b; Leney and Foley 1999; Sacco and Van Valkenburgh 
2004). Figueirido et al. (2009) have expanded on this by using 2D geometric morphometrics to 
make inferences on the feeding ecology of cave bears. The present study builds on their 
approach by using 3D geometric morphometrics and by correcting for allometry. The present 
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study, thus, contributes to the current debate on the diet of cave bears by analysing the 
relationship between form and function of the masticatory apparatus of bears.  
The layout of the discussion will be as follows. First, the osteological elements and masticatory 
muscles are discussed with respect to the relative magnitude of their responses to diet, 
environment and size of the animal. Second, the masticatory adaptations of the extant Ursidae 
are determined. Following this, the masticatory adaptations of the fossil bears, U. arctos, U. 
deningeri and U. spelaeus, are discussed. Finally, the implications for competition and co-




7.2.1 Mandible and Cranium 
 
The results of the present study on the mandible and the cranium of extant and extinct bears 
show that they differ in the amount of shape space variation. Generalised Procrustes 
superimpositions performed on mandibles with 15 landmarks and whole crania with twelve 
landmarks, both with and without fossils indicate that the cranium has much smaller 
Procrustes and tangent sums of squares than would be expected relative to the mandible after 
taking into account the difference in number of landmarks and sample size (e.g., compare 
sections 3.1.1.1 and 6.1.1.1). No previous studies have made a similar comparison between the 
sums of squares of generalised Procrustes analyses on osteological elements of different sizes 
belonging to the same mammalian species. There are two possible explanations for the 
difference in sums of squares between the crania and the mandibles. Firstly, it may be the case 
that variation in the bear cranium is more restricted than in the mandible, because of the 
additional functions other than just mastication. This would imply that to analyse masticatory 
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adaptations the cranium alone does not suffice, as the other functions of the cranium limit the 
adaptational potential. Instead it would be advisable to always include the mandibular 
analyses in addition to the cranial analyses when analyzing masticatory function. Secondly, 
however, it may be a statistical artifact; as all landmark configurations are scaled to unit 
centroid size, the same difference absolutely (e.g., lengthening of the tooth row by 10 mm, 
which would be the same in upper and lower jaw to retain good occlusion) will be a much 
smaller relative difference in Kendall’s shape space for larger objects, such as the cranium, 
than for smaller objects. It is, therefore, more difficult to observe shape changes in the 
cranium than in the mandible, especially when the changes are quite subtle. As a result, it is 
advisable to not only analyse the entire osteological element, but also subsets of the 
landmarks when the element is large. 
The present analyses show that less intraspecific variation is explained by allometry in whole 
crania with twelve landmarks than in whole mandibles with 15 landmarks in extant bears 
(compare sections 3.1.1.2 and 6.1.1.2).  When only the side of the cranium is analysed, the 
intraspecific variation explained by allometry is much greater than when the functional  
morphology of the temporal muscle on the mandible is analysed, for example (compare 
sections 5.3.3.2 and 6.2.1.2; both configurations have six landmarks allowing for a direct 
comparison). From a biological point of view, it may be the case that the underlying scaling 
pattern of the cranium as a whole is more isometric due to functions of the cranium other than 
mastication, whereas features associated with mastication have a more allometric scaling 
pattern. Or, the other way around, the features associated with mastication may need to be 
more allometric to continue to process enough nutrients and energy with increasing body size. 
From a statistical point of view, it may be that small sample sizes for the whole cranium have 
made the regression less accurate and, thus, the residual sums of squares larger. On the other 
hand, however, if there are fewer species and thus fewer specimens involved, it is expected 
that, as a consequence, the regression onto LCS is overfitted to the specimens that are 
present, because the there are less observations (specimens) relative to the regression 
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parameters (Procrustes coordinates), and smaller residual sums of squares are expected. Since 
this is not the case, it seems likely that the whole cranium is indeed less, and the side of the 
cranium more, influenced by allometry than the mandible in extant bears. 
In the present study, the association between the shape of the cranium and diet is not as 
strong as the association between the shape of the mandible and diet for extant bears 
(compare sections 3.1.1.5 and 6.1.1.4). This is probably due to the fact that the cranium has 
other functions outside of mastication that also influence the morphology, whereas the 
mandible is only influenced by masticatory needs. When fossils are included in the analysis, 
there is a stronger association between diet and cranial morphology than between diet and 
mandibular morphology (compare sections 3.1.2.7 and 6.1.2.5), whereas the reverse is the 
case when only extants are analysed. Additionally, the association, given by the RV coefficient, 
between diet and the shape of the cranium is stronger with fossils than without fossils 
(compare sections 6.1.1.4 and 6.1.2.5), which is different from mandibles, where the 
association decreases after inclusion of fossils. This implies that diet predicts cranial 
morphology better when fossils are included than when only the extants are analysed. As diet 
is unknown for the fossil species, all dietary variables have a ‘0’ as input value for the fossils, 
which is unrealistic, because the fossil bears did not have 0% of each food item in their diet. 
The association between diet and shape is then expected to decrease as soon as fossils are 
added to the analysis. The mandibles follow this pattern, but the crania do not. The fact that 
unrealistic data form a better association with shape than realistic data indicates that the 
results of the 2B-PLS analysis on the cranial landmark configurations and the dietary variables 
should be interpreted with caution, because shape may be affected by something else than 
diet, possibly vision, olfaction or hearing. It is advisable, when similar research is done, not 
only to use the RV coefficient to assess the association between the two blocks, but also to 
assess the differences in RV coefficients for different datasets, to ensure that the results for 
extants and fossils are consistent with the theoretical expectations regarding the association 
between the two blocks taking into account the effect of unknown variables. 
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7.2.2 Masticatory Muscles 
 
The functions of the two main mammalian masticatory muscles, masseter and temporalis, 
influence the morphology of the bear mandible. Each muscle influences different parts of the 
mandible to varying degrees. The landmark configurations for masseter muscle function in the 
present analyses have higher Procrustes and tangent sums of squares than those for the 
temporalis in all equivalent analyses. Although the masseter configurations have one more 
landmark than the temporal configurations, the difference in sums of squares is not in 
proportion with the landmarks. The masseter also displays more within-species variation 
before and after allometric correction than the temporalis in all equivalent analyses. This 
shows that the landmark configurations associated with the masseter are more variable 
interspecifically and intraspecifically, and indicates that masseter functional morphology is 
more variable than temporal functional morphology. There is no reason to assume that this is 
due to more measurement error for landmarks 4 and 5 than landmark 8 on the mandible, 
because all three are type 3 landmarks. The difference in variability between the two muscles 
might mean that the masseter is under more selection pressure and adapts easier to varying 
circumstances, or that it is under less selection pressure and variation is less constraint. The RV 
coefficients of the 2B-PLS analyses provide information on which option is most likely. For the 
interpretable 2B-PLS analyses on the environmental variables and the dietary variables for the 
family Ursidae, higher RV coefficients are obtained for the analyses on the temporal muscle 
than for those on the masseter (e.g., compare sections 4.1.1.4 and 5.1.1.4). This implies that 
within the family Ursidae, masseter morphology might not be under much selection pressure 
and variation is high without being associated with environment or diet. For the genus Ursus, 
however, the analyses on the masseter return a higher RV coefficient. This indicates that the 
variation in masseter muscle morphology of the genus Ursus is more related to extrinsic 
factors than the variation of temporalis morphology. This implies that within the genus Ursus, 
masseter morphology is under high selection pressure and variation is assocated with 
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environment and diet. The selection pressures on the masseter appear to be different for the 
family Ursidae, compared with the genus Ursus. This is most likely due to the premasseteric 
fossa of the spectacled bear (T. ornatus). Although the premasseteric fossa must have served a 
function in the past, as it evolved on at least three separate occasions in the family Ursidae 
(Hunt 1999), it is not currently fulfilling any function as far as is known (Davis 1955). Its 
presence, however, does influence the morphology of the mandible associated with masseter 
function, mostly pushing the masseteric fossa more caudally, reducing the association 
between masseter related mandibular morphology and diet. This, thus, shows that a species 
whose divergence time is relatively long ago compared to other species within the same family 
may display morphologies that are not associated with its present diet or current environment, 
but are caused by past selection pressures. It is, therefore, advisable to assess whether the 
elements under study possess the same features and these features serve the same function, 
and not just whether the features under study are homologous, as the presence and absence 
of a feature that is not under study may have a substantial influence on the features that are, 
thereby complicating any interpretations. 
For each muscle, all RV coefficients are higher for the analyses on the dietary variables than for 
equivalent analyses on the environmental variables. This implies that diet has more influence 
on the masticatory system than the environment. Also, in the analyses on the environmental 
variables, nearly all covariance is explained by the first PLS axis, whereas in the analyses on the 
dietary variables most covariation is explained by the first three PLS axes. Indeed, this fits the 
expectation based on the second subhypothesis (section 1.7) that the (foraging) behaviour 
should be reflected in the morphology of the masticatory apparatus. Previous geometric 
morphometric analyses have focused on either the influence of diet (e.g., Adams and Rohlf 
2000) or the influence of environment (e.g., Arif et al. 2007; Frost et al. 2003; Noback et al. 
2011) on morphology, but no comparison similar to the one made above of the influence of 
diet versus environment has been carried out.  
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7.3 Adaptations of Extant Ursidae 
 
7.3.1 Interspecific Variation 
 
7.3.1.1 Influence of Environment 
 
Apart from modern brown bears (U. arctos), which are widely distributed across the northern 
hemisphere, each extant ursid species is restricted to certain areas and habitats. The 
environment the bears are exposed to has developmental and evolutionary effects, either 
directly or indirectly via diet, on the morphology of the crania and mandibulae. Morphology 
has previously been shown to vary in accordance with climatic variables, such as ambient 
temperature or humidity in mammals (Beals et al. 1984; Fortelius 2002; Noback et al. 2011), 
and light availability in vertebrates (Rich et al. 1988). 
From the 2B-PLS analyses in the present study on the extant bears it follows that high altitude 
seems to have an influence on the morphology of A.melanoleuca and T. ornatus (e.g., Figure 
3-6 and Figure 4-4), whereas the morphology of H. malayanus, M. ursinus and U. maritimus 
appears to be influenced by low altitudes. The morphology of the members of the genus Ursus 
is suggested to be correlated with a relatively arid environment (e.g., Figure 3-6), and the 
morphology of T. ornatus and H. malayanus with relatively high precipitation (e.g., Figure 4-4). 
The present results indicate that environment has a smaller influence on the craniofacial 
morphology of bears than diet does. This is clear from the lower RV and correlation coefficient 
of the 2B-PLS analyses and can visually be confirmed by the larger resemblance of the PCA 
graphs to the 2B-PLS graphs of the analyses on diet, than to the 2B-PLS graphs of the analyses 
on environment. The most important environmental factor that correlates with the 
morphology of the bears is altitude (e.g., Figure 3-6). Although altitude itself may have a direct 
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influence on the morphology of the bears, it seems more likely that a combination of factors 
associated with altitude is responsible; a likely possibility is the types and abundances of 
vegetation that grow at varying altitudes under the influence of climate.  
As climatic conditions generally become harsher with increasing altitude, vegetation becomes 
more restricted to species that are resistant to these conditions (Larcher 2003). Additionally, at 
high altitudes there is less biomass and primary productivity is lower than at low altitudes 
(Garkoti and Singh 1995; Larcher 2003). As a consequence, it makes sense for a large mammal, 
such as a bear, to adapt its diet accordingly. So, more varied and faunal based diets are 
observed at low altitudes, and more restricted and flora based diets are observed at high 
altitudes. A notable exception is the polar bear (U. maritimus), which lives in an extreme low 
altitude environment and has a semi-aquatic lifestyle. Although it eats mostly fauna, its diet is 
not varied at all and consists almost completely of vertebrates. This is reflected in the present 
results by the similarity of the 2B-PLS analyses on diet and environment and the stronger 
association between shape and diet than between shape and environment. 
The influence of environment on cranial and mandibular shape has also been assessed on 
other mammals, such as members of the primate genus Cercopithecus, using geometric 
morphometrics (Cardini et al. 2010; Cardini et al. 2007). The morphology of C. aetiops has been 
found to be mostly influenced by longitude and precipitation (Cardini et al. 2007), whereas the 
morphology of C. nictitans is far less influenced by longitude or latitude, but much more by 
climatic variables (Cardini et al. 2010). 
 
7.3.1.2 Influence of Diet 
 
In extant Carnivora craniodental features have been shown to be linked to masticatory 
function (Anyonge and Baker 2006; Arribas and Palmqvist 1999; Biknevicius et al. 1996; Binder 
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and Van Valkenburgh 2000; Christiansen and Adolfssen 2005; Cox 2008; Emerson and Radinsky 
1980; Martínez-Navarro and Palmqvist 1996; Therrien 2005; Van Valkenburgh 2007; Werdelin 
1989, 1991). Tooth morphology (Evans et al. 2006a; Evans et al. 2006b) gives an indication of 
preferred diet, while toothwear indicates the physical properties of what has actually been 
masticated (Van Valkenburgh and Hertel 1993). In addition, rounded canines and canines with 
large bending strength suggest struggling with prey (Christiansen 2007a, b, c). The eight extant 
bear species analysed in the present study have varied diets, from completely folivorous to 
completely carnivorous to mostly insectivorous. These variations in dietary habits are, at least 
partly, reflected in their masticatory apparatus. 
The panda (A. melanoleuca) was the first to split off from the other species phylogenetically 
(Bininda-Emonds et al. 1999), and has developed the most specialised diet, consisting solely of 
bamboo. The morphology of the mandible of A. melanoleuca is indeed indicated in the present 
study to be influenced by relatively high amounts of foliage and low amounts of invertebrates 
in its diet (e.g., Figure 3-7). Bamboo is a very tough material (Senshu et al. 2007) and its 
consumption requires certain masticatory adaptations. The morphometric analyses in the 
present work show that pandas have very high coronoid processes (Figure 5-6), making the 
moment arm of the temporal muscle longer, so the force of this muscle is more effectively 
applied. The masseteric fossa is located more ventrally according to the present results (Figure 
4-8). This does not change the absolute length of the moment arm of the deep masseter, but it 
does change the position where the moment arm is longest. In this configuration, the deep 
masseter is most effective in a more closed position of the mandible. The superficial masseter 
does have a longer moment arm in the present study, making this part of the muscle more 
efficient. As the superficial masseter is more efficient at more closed gapes than the deep 
masseter, this is clearly an adaptation to closed jaw mastication, such as grinding. In the 
present study, the superficial and deep masseter and the temporal muscle all contribute to an 
effective grinding motion when the jaw is nearly closed, the masseter pulling rostrally and the 
laterally, and the temporalis pulling caudally and medially. The muscles themselves are very 
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powerful too according to the present results, which can be seen by the large space available 
between the zygomatic arch and the supraorbital process for the masticatory muscles, and the 
depth of the zygomatic arch, which provides a large attachment area for the masseter (Figure 
6-7). The morphology of the crania of A. melanoleuca is influenced by relatively high amounts 
of foliage and low amounts of soft mast in their diet according to the 2B-PLS analysis in the 
present study (Figure 6-5). The strong muscles, in combination with the toughness of the 
bamboo (Senshu et al. 2007), lead to additional adaptations to resist torsion and bending in 
the mandible. The panda mandibular corpus is relatively curved and the mandibular symphysis 
is rather deep in the present study (Figure 3-10). Pandas are, thus, very well adapted to their 
diet.  
The second species to split of from the evolutionary tree of bears is the spectacled bear (T. 
ornatus) (Bininda-Emonds et al. 1999). A very remarkable feature of the mandible of the 
spectacled bear is the premasseteric fossa. The premasseteric fossa is not occupied by any soft 
tissue and could potentially function as a cheek pouch (Davis 1955). It has, however, not been 
observed to be used in that way by spectacled bears (Davis 1955). The function of this fossa 
remains unclear, but must have been important judging from the fact that it evolved on at 
least three separate occasions within Ursidae (Hunt 1999) and it may be related to an 
expansion of the m. zygomaticomandibularis (Davis 1955). Its presence influences the rest of 
the morphology of the mandible. The results of the present study shows that the masseteric 
fossa is pushed back caudally (Figure 4-8). This causes the masseter to be relatively inefficient 
when the jaw is widely opened and more efficient when the jaw is more closed. The diet of the 
spectacled bear consists mostly of soft mast (Table 2-5) and is not as tough as that of the 
panda, so this configuration for the masseter does not appear to have an immediate 
masticatory function. The present 2B-PLS analyses do suggest that the morphology of T. 
ornatus is influenced by relatively high amounts of soft mast and low amounts of invertebrates 
in its diet (e.g., Figure 3-8 and Figure 5-5). The spectacled bear has a non-specialised ursid diet 
(Table 2-5) and the mandible of the spectacled bear does not show any specific masticatory 
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adaptations related to the function of the temporal muscle or resistance against bending 
forces or torsion. The 2B-PLS analysis on the crania in the present study indicates that T. 
ornatus shows cranial adaptations compatible with the consumption of mostly soft mast 
(Figure 6-6). The zygomatic arch of the spectacled bear, however, is relatively wide in the 
present analysis (Figure 6-8), approximately as wide as that of the panda, which indicates that 
the masticatory muscles are relatively thick. This may be a means of compensating for the 
inefficiency of the masseter muscle. A similar thing is observed in the red fox (Vulpes vulpes), 
whose longer jaw increases the moment arm of the resistance at the canines and carnassials. A 
greater size of the masticatory muscles compared to the grey fox (Urocyon cinereoargenteus), 
however, compensates for this (Jaslow 1987). 
The two insectivorous species, the Malayan sun bear (H. malayanus) and the sloth bear (M. 
ursinus), split off of the bear family tree together (Bininda-Emonds et al. 1999) and developed 
adaptations to eating insects and fruits. The results of the present study show that the 
morphology of H. malayanus and M. ursinus is indicated to be influenced by relatively low 
amounts of foliage and high amounts of invertebrates in their diets (e.g., Figure 3-7). Their 
(and most likely their ancestors’) diet is not very tough. The morphometric analyses in the 
present study show that their mandibles do not show any specific adaptations relating to the 
masseter and the temporalis. Both species, and presumably their ancestors, have a particularly 
long tongue to suck and lick up insects (Augeri 1995; Fredriksson et al. 2006; Kurt 1990a; 
Meijaard 1998; Yoganand et al. in press). Such a tongue requires a lot of space in the mouth 
cavity and the present analyses suggest that this is provided by a relatively deep mandibular 
corpus and associated mandibular symphysis (Figure 3-9 and Figure 3-12). Later in evolutionary 
history, the two species split from each other adapting to their own niches. M. ursinus is 
slightly better adapted to eating soft mast than H. malayanus, as indicated by 2B-PLS analyses 
in the present study (e.g., Figure 3-8). The Malayan sun bear eats slightly fewer insects and less 
soft mast than sloth bear, but eats approximately as many vertebrates as brown bears. This 
makes Malayan sun bears more omnivorous than sloth bears and restricts potential 
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adaptations to the insectivorous part of its diet. The mastication of vertebrates requires more 
force than the mastication of only fruits and insects, which are less fracture resistant 
(Popowics 2003). In the present analyses the coronoid process of the Malayan sun bear is 
higher (Figure 5-8), and the masseteric fossa is located more rostrally (Figure 4-10), than those 
of the sloth bear, lengthening the moment arms of both the masseter and the temporalis, 
making both these muscles more effective. Both species are, thus, very well adapted to their 
respective diets. 
The genus Ursus is the most generalised genus of the bear family, apart from the most recent 
offshoot, the polar bear. The three omnivorous species of this genus have, therefore, 
unspecialised morphologies and are very similar to each other. The oldest split within this 
genus is that of the American black bear (U. americanus). The results of the present analyses 
show that the American black bear does not show any particular adaptations in temporal or 
masseter muscle functionality, as its diet is unspecialised (Table 2-1).  
The second species to split off within the genus Ursus is the Asiatic black bear (U. thibetanus). 
The Asiatic black bear is omnivorous, but eats mostly hard mast. The results of the present 
analyses show that this requires slight masticatory adaptations of the masseter as indicated by 
the 2B-PLS analysis (Figure 4-33). The present analyses show that U. thibetanus also has 
slightly higher PLS1 scores for the 2B-PLS analysis on the temporalis (Figure 5-4) than U. arctos 
and U. americanus, which is correlated with a smaller foliage component in its diet as 
compared to the invertebrate component.  
Brown bears (U. arctos) and polar bears (U. maritimus) are the last two species to diverge. 
Whereas brown bears kept a relatively diverse diet, polar bears specialised in eating meat. The 
results of the present analyses show that the morphology and muscle function of brown bears 
is very similar to that of the other omnivorous bears and does not show any specific 
adaptations. The present analyses suggest that polar bears, on the other hand, have developed 
adaptations to eating meat in contrast to the other members of the genus Ursus for whom soft 
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mast and other plant matter was an important determinant of morphology as indicated by the 
2B-PLS analyses (e.g., Figure 3-7 and Figure 4-33).  In morphospace, this is particularly visible 
for the temporal muscle, where the polar bear is exactly on the opposite side of the 
omnivorous bears to the panda in the present study (Figure 5-2). In terms of shape, this means 
that in the present analyses the temporal muscle has a relatively short moment arm, as 
opposed to the long moment arm of the panda (Figure 5-6). Additionally, the polar bear has a 
rather short grinding basin, as its meat based diet does not require grinding. The masseter of 
polar bears has a long moment arm and its attachment is located rather rostrally (Figure 4-9), 
making the masseter very efficient when the jaw is at a wider gape angle for grabbing and, 
possibly more importantly, holding prey. 
Overall, all the extant bear species show shape variations that are compatible with the 
hypothesis that their morphology is influenced by their respective diets. Even the polar bear, 
whose lineage only diverged from that of the brown bear relatively recently (i.e., 1 Ma 
(Bininda-Emonds et al. 1999)), displays masticatory adaptations to eating meat. Additionally, 
the masticatory adaptations of the extant species can relatively easily be interpreted from PCA 
and 2B-PLS graphs, which offers the possibility of interpreting the diet of extinct bears 
according to their position in morphospace.  
 
7.3.1.3 Evolution of Dietary Adaptations in Extant Ursidae 
 
The evolution of the family Ursidae through morphospace with special reference to 
masticatory functional morphology is better represented by the analyses on the temporal 
muscle (Figure 5-19 and Figure 5-20) than by the analyses on the masseter muscle, because 
the premasseteric fossa of the spectacled bear adds a non-functional component to the 
analyses that clouds the functional adaptations in morphospace (see the discussion on RV 
coefficients in section 7.2.2). The results of the present study show that of the extant species, 
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only the panda has evolved in a positive direction on the first axis and a negative direction on 
the second. This direction of evolution through morphospace indicates its adaptation towards 
increased amounts of foliage in the diet. This means that if a species with unknown diet 
evolved in a similar direction in morphospace, its diet may also have experienced an increase 
in foliage. 
The present analyses show that the polar bear is the only extant species that has evolved in 
opposite direction to the panda according to the 2B-PLS analysis (Figure 5-20). This direction of 
evolution is associated with an increase in vertebrates in its diet. This implies that the 
evolution towards more foliage in the diet and the evolution towards more vertebrates in the 
diet represent opposite directions in morphospace. These directions can be used to interpret 
evolutionary trajectories of fossil bears, when plotted in the same morphospace.  
The lineage leading to Malayan sun bears and sloth bears has evolved in negative direction on 
the first two PC and PLS axes in the present study (Figure 5-19 and Figure 5-20). Evolution in 
this direction through morphospace is associated with increased amounts of invertebrates in 
the diet, compared to their nearest living relatives and, therefore, presumably also their direct 
ancestors. This means that the first axis in morphospace is mostly associated with a 
faunivorous versus a folivorous diet. The second morphospace axis is associated with whether 
the consumed fauna is vertebrate or invertebrate. The diet of fossil bears can then be 
characterised based on these three food items. 
 
7.3.2 Intraspecific Variation in Modern Ursus arctos 
 
The results of the present study show that, once the effect of allometry is accounted for, the 
intraspecific variation in the mandibular morphology of modern brown bears (U. arctos) is not 
very pronounced.  Even the shape component of sexual dimorphism is effectively removed by 
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correcting for allometry (section 3.1.1.4), whereas the size component is already removed 
during generalised Procrustes superimposition. That allometry is for the most part responsible 
for shape differences between the sexes has also been observed in guenons (Primates, 
Cercopithecini) (Cardini and Elton 2008). That the mean shapes of males and females are not 
statistically different from each other does not mean, however, that there is no difference at 
all between males and females. Although not statistically significant (section 4.3.1.3), possibly 
due to small sample sizes, it appears that males display more variation in their morphologies 
related to masseter function than females (Figure 4-39).  This may be due to the fact that, as 
bearers of offspring, the physical constraints on female morphology may be much stricter than 
on male morphology, as inefficient foraging might not only lead to the death of the adult, but 
also to failed pregnancies or the death of cubs before weaning. Another possibility is that 
sexual selection might play a role in the difference in phenotypic dispersion between males 
and females (Marini et al. 2005). 
A difference in the adaptational tendencies of males and females has also been observed in 
the red fox (Vulpes vulpes) (Viranta and Kauhala 2011). Female foxes displayed increased 
adaptations to carnivory after the arrival of the raccoon dog (Nyctereutes procyonoides), a 
dietary competitor, whereas there was no significant change in the male foxes. This may 
indicate that the physical constraints on female morphology may indeed be stricter than on 
male morphology in Carnivora. 
The present analyses suggest that the eastern brown bear clade also appears to show more 
morphological variation related to masseter function than the western clade (Figure 4-39), 
although, again, this is not at a statistically significant level (section 4.3.1.3).  The most recent 
common ancestor of the eastern clade lived approximately 640 ka, whereas the most recent 
common ancestor of the western clade only lived approximately 350 ka (Hofreiter et al. 2002). 
The eastern clade has had almost twice as much time to diversify as the western clade and this 
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may be the reason for the larger variability in morphology of brown bears belonging to the 
eastern clade than brown bears belonging to the western clade.  
The Marsican brown bear (U. a. marsicanus) has noticeably different temporal muscle 
functionality from the Eurasian brown bear (U. a. arctos) and the Himalayan brown bear (U. a. 
isabellinus) in the present study (section 5.3.2.4). The Marsican brown bear and the Eurasian 
brown bear both occur in Europe, so their morphological differences are not of a broad 
geographical nature. Not counting anthropogenic foods (mostly livestock), the Marsican brown 
bear eats more herbaceous material and invertebrates and less soft mast and vertebrates than 
the average brown bear diet (Zunino and Herrero 1972). In fact, herbaceous material is the 
most important food item for this subspecies, followed by soft mast and invertebrates (Zunino 
and Herrero 1972), whereas the average brown bear diet consists mostly of soft mast, 
followed by foliage and vertebrates (Table 2-7). Compared to the Eurasian brown bear, the 
Marsican brown bear has a relatively short moment arm for the temporal muscle (Figure 5-34). 
The coronoid process is positioned rather caudally, resembling the insectivorous bears. The 
Marsican brown bear also has the longest grinding basin (Figure 5-34), apart from the single 
Thibetan blue bear (U. a. pruinosus). The elevated length of the grinding basin may be an 
adaptation to the mastication of foliage.  
Broad geographic area also has an effect on the morphology of brown bears in the present 
analyses. Brown bears from Pacific coastal areas have a different masseter morphology from 
other brown bears (Figure 4-44). Their masseter is most efficient when the jaw is relatively 
widely opened, due to a relatively dorsal position of the masseteric fossa. As the resistance 
force of the food particles has a shorter moment arm at more distal dental elements and a 
wide gape is necessary to fit hard mast between the upper and lower distal dental elements, 
increased muscular efficiency at wide gape angles is, thus, probably an adaptation to eating 
more hard mast (Table 2-5). Brown bears from continental areas, on the other hand, have a 
longer grinding basin than the other brown bears (Figure 4-49). This is probably an adaptation 
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to the mastication of the large amounts of foliage that they consume (Table 2-5), which 
requires a larger area suitable for grinding.  
The 2B-PLS analyses on diet based on habitat and geographic area of modern brown bears, is 
unfortunately not usable for interpretation of fossil bears, because the correlations between 
the two blocks are not significant. It is, however, possible to deduce, with caution, that 
habitat-based diet is a better predictor of mandibular shape than area-based diet. This is 
probably due to the fact that living in different habitats, such as forest or alpine or arctic 
habitats has a larger influence on diet, as this changes the types of foods, than whether the 
bear lives in Europe or close to the ocean, as this would change the taxa consumed, but not 
the types of food. 
Similar research has been done on foxes. Geographic variation in tooth morphology of the 
arctic fox (Vulpes lagopus) has been assessed by Daitch and Guralnick (2007) using two-
dimensional geometric morphometrics and PCA. They found that shape differed only slightly 
among mainland populations. Additionally, shape did not correlate significantly with the 
environmental variables in their model. They did not have the possibility to test for the effect 
of diet. They conclude that geographic variation is most consistent with a combination of 
allometry and stochastic processes, possibly local dietary adaptations (Daitch and Guralnick 
2007). 
The results of the fox study (Daitch and Guralnick 2007) are very comparable to the results of 
the present study. In both cases not much geographic variation is found. In the present study 
allometry was corrected for and the remaining variation was most likely due to dietary 
adaptations. In the fox study (Daitch and Guralnick 2007) allometry is still present, but local 
dietary adaptations are possibly responsible for the remaining variation. These similarities in 
two different families may indicate a common underlying pattern in Carnivora as a whole. 
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7.4 Adaptations of Ursavus, Ursus minimus and Ursus etruscus 
 
Not much work has been done on reconstructing the diets of Ursavus, Ursus minimus and U. 
etruscus so far. Based on the present work, however, some predictions can be made. The 
genus Ursavus, which is the lineage leading from the root of the tree to the evolutionary split 
of the spectacled bear, is predicted to show adaptations to an elevated proportion of 
vertebrates in its diet based on the results of the present study (Figure 5-19 and Figure 5-20). 
Viranta and Andrews (1995) have previously concluded that Ursavus was omnivorous based on 
the short blade and robust large talonid of the lower carnassial. Its proposed ancestor, 
Cephalogale, has been suggested to be hypercarnivorous based on dental morphology (Van 
Valkenburgh 1999). This would imply a decrease in the proportion of vertebrates for Ursavus 
rather than the predicted increase. The root of the phylogenetic tree is, however, the least 
well reconstructed node, as it is only based on the positions in morphospace of its 
descendents, but not of any ancestral nodes (Klingenberg 2010a). The root could theoretically 
lie on any point on the the line or plane perpendicular to the line between A. melanoleuca and 
the divergence node of T. ornatus. Taking this into account, the predicted diet for Ursavus 
could be anything between an increase in vertebrates to an increase in invertebrates. Based on 
the dental evidence (Hunt 1999; Viranta and Andrews 1995) the latter would be the most 
likely. 
Ursus minimus, the lineage leading to the last common ancestor of the extant members of the 
genus Ursus and the lineage leading to the sloth and Malayan sun bear  is predicted to have 
elevated its vertebrate intake over time based on the present study (Figure 5-19 and Figure 
5-20). U. minimus has previously been proposed to have been omnivorous with a preference 
for invertebrates based on two-dimensional geometric morphometrics of the mandibular 
outline in lateral view (Meloro 2007). This conclusion was, however, based only on the position 
in morphospace of U. minimus, but not the direction through morphospace of the evolutionary 
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lineage. And, although U.minimus is reconstructed relatively similar to M. ursinus and H. 
malayanus in the present work as well (Figure 5-19 and Figure 5-20), the evolutionary direction 
of its lineage through morphospace mostly indicates an increase in meat relative to its 
ancestor. 
Ursus etruscus, the last common ancestor of Asiatic black bear and the lineage leading to 
modern brown bear and polar bear, is predicted based on the present results to have evolved 
in almost the same direction in morphospace as American black bear (Figure 5-19 and Figure 
5-20), which may be associated with a decrease in the amount of invertebrates in the diet or a 
more omnivorous diet. Based on dental morphology, U. etruscus has, indeed, been thought to 
have been unspecialised omnivorous, despite its high levels δ15N, which were attributed to 
either the consumption of fish or the reuse of urea during ‘hibernation’ (Palmqvist et al. 2003; 
Palmqvist et al. 2008a; Palmqvist et al. 2008b). Based on two-dimensional geometric 
morphometrics, however, is has been suggested that U. etruscus was omnivorous with a 
preference for meat (Meloro 2007). In the present work, U. etruscus is reconstructed to to be 
relatively close to U. maritimus in morphospace compared to Ursavus and U. minimus. The 
evolutionary direction of its lineage through morphospace, however, implies that this does not 
mean it necessarily consumed many vertebrates. Rather, it more likely consumed fewer 
invertebrates and its diet generally became more omnivorous, similar to that of U. americanus. 
The predictions of the diets of U. minimus and U. etruscus based on the present study broadly 
concur with what has previously been suggested in the literature. The predicted diet of 
Ursavus deviates somewhat from the literature. This is due to the fact that the root is not as 
well reconstructed as other nodes on the tree. The internal nodes of the tree are 
reconstructed in morphospace based on their ancestral node, their descendent nodes or 
species and the branch lengths of the tree segments between these. The root of the tree is 
reconstructed in morphospace based only on the descendent nodes or species and their 
branch lengths. In this particular case, the root of the tree is only based on the position in 
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morphospace of the panda and the internal node between the spectacles bear and the other 
ursids. As such, the root must be reconstructed on a straight line between the panda and this 
internal node and the position of the root on this line is only determined by the respective 
branch lengths. Theoretically, however, the root of the tree could be anywhere on the plane 
perpendicular to this line, indicating that the root is relatively poorly reconstructed. This may 
be improved by using an outgroup in the phylogenetic analyses, which would make the 
reconstruction in morphospace of the root equivalent to the reconstruction of the internal 
nodes. It is, however, important to choose the outgroup wisely (Barkman et al. 2000), as it will 
have a considerable effect on the phylogenetic tree in morphospace.  
The importance of having done these dietary reconstructions of fossil bears with allometrically 
corrected data is illustrated by work done on hominoids (McNulty 2004). His work has shown 
that allometry contributes substantially to hominoid cranial morphogenesis and may do so for 
other taxa as well. Additionally, in the case of hominoids, evolution in size follows phylogeny. 
Any differences in shape without allometric correction, may then be the result of size 
differences only, but erroneously interpreted as being adaptations or being caused by 
phylogeny. Correcting for allometry ensures that non-allometric adaptations are no longer 








7.5 Adaptations of Fossil Ursus arctos 
 
7.5.1 Comparison with Extant Species  
 
7.5.1.1 Influence of Environment 
 
The environmental factors that potentially influenced the morphology of Late Pleistocene 
brown bears are different from the environmental factors currently acting on modern brown 
bears, because the conditions in the Late Pleistocene were more varied over time and 
generally cooler and drier than at present (Barron and Pollard 2002). According to the 2B-PLS 
analyses (e.g., Figure 4-13), the morphology of fossil brown bears suggests they lived at an 
altitude around the higher end of the modern brown bear range. In fact, the altitude at which 
the fossils were found is relatively low compared to modern brown bears (Appendix A). This 
discrepancy is explained by the difference in climate. As the climate in the Late Pleistocene 
was a lot cooler than currently (Barron and Pollard 2002) and temperature also decreases with 
increasing altitude, the climatic conditions that currently prevail at high altitudes were present 
at lower altitudes during the Late Pleistocene. The study of fossil bears and other fossil taxa 
must take into account the interaction between altitude and climate change through time. The 
morphology of the fossil brown bears also suggests that these bears experienced precipitation 
levels similar to modern brown bears in the driest areas. As the Pleistocene was generally drier 
than the Holocene, it seems that the morphology of fossil brown bears was influenced by a 




7.5.1.2 Influence of Diet 
 
The results of the present study show that the position in morphospace occupied by fossil 
brown bears, when all species of the bear family are taken into account, generally falls within 
the range of modern brown bears. Fossil brown bears, thus, can be interpreted as part of this 
species and not their own separate species. They are, however, always on the periphery of the 
brown bear distribution in morphospace and do not resemble the average modern brown 
bear.   
The present analyses show that fossil brown bears tend to occupy a position in morphospace 
towards foliage eating bears (e.g., Figure 3-15). Particularly in reference to masseter functional 
morphology (Figure 4-23 and Figure 4-26), fossil brown bears have evolved through 
morphospace in the same direction as the folivorous panda, indicating that the fossil brown 
bear may have had an elevated foliage intake compared to its ancestor. Other fibrous foods, 
such as roots and tubers may, however, have required similar adaptations (Figure 4-33). In 
terms of temporal muscle function, fossil brown bears have evolved through morphospace in 
the same direction as U. americanus and U. etruscus, perhaps indicating a relative decrease in 
the amount of invertebrates in its diet. 
 
7.5.2 Comparison with Extant Populations of Ursus arctos 
 
The results of the present study show that the masseter functional morphology of fossil brown 
bears shows affinities with bears from Pacific coastal areas (Figure 4-49). In both groups, the 
masseter is most efficient when the jaw is relatively widely opened. Modern bears from the 
Pacific coast eat relatively high quantities of hard mast, but few invertebrates (Table 2-6). Hard 
mast, being nuts and seeds, generally has a larger thickness than e.g. foliage, being leaves. 
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Hard mast is easier to masticate at more distal dental elements, because this position 
decreases the moment arm of the resistance. The diameter of hard mast requires a relatively 
large gape angle for the mast to fit between the upper and lower distal dental elements. A 
similar adaptation is observed in the Asiatic black bear for the temporal muscle. The fact that 
this adaptation to strong mastication at wider gape angles is achieved by adaptation of 
different muscles explains why fossil brown bears and Asiatic black bears have dissimilar 
evolutionary trajectories through morphospace for both muscles. So, fossil brown bears having 
a relatively efficient masseter muscle at wide gape angles may indicate a large proportion of 
hard mast in their diet, despite the lack of an extant equivalent.  
The present analyses show that, in addition to this, fossil brown bears have a relatively long 
grinding basin (Figure 4-49 and Figure 5-39). This feature is also observed, but to a lesser 
degree, in brown bears from continental areas (Figure 4-49) and in Marsican brown bears 
(Figure 5-39). Both of these are known to have a relatively large amount of herbaceous 
material in their diet (Mattson 1998; Zunino and Herrero 1972). The large grinding basin aids in 
the mastication of the tough foliage and the diet of fossil brown bears is expected to consist of 
a large amount of foliage as well.  
 
7.6 Adaptations of the Cave Bear Lineage (Ursus deningeri and Ursus 
spelaeus) 
 
U. deningeri and U. spelaeus are two chronospecies in one evolutionary lineage, possibly with 
U. s. deningeroides as a transitional form between them. Chronospecies are arbitrary divisions 
of a single evolutionary lineage and the two former species have, indeed, previously been 
considered to belong to one species (Baryshnikov 2006; Vila Taboada and Grandal d'Anglade 
2001). For these reasons, and because the data suggest there is little difference between the 
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two in the features considered here, they are considered together for the interpretation of 
intraspecific variation in cave bears. 
 
7.6.1 Comparison with Extant Species 
 
7.6.1.1 Influence of Environment 
 
The Middle Pleistocene cave bear (U. deningeri) and the classic cave bear (U. spelaeus) lived in 
the Pleistocene. As such they were exposed to different environmental variables to modern 
bears. The results of the present study show that Middle Pleistocene cave bears show 
morphologies associated with slightly higher altitudes than exhibited by modern brown bears 
and less precipitation than exhibited by any modern bear by only a small degree (Figure 4-13 
and Figure 5-11). The Middle Pleistocene cave bears included in this study come from Tautavel 
and Bacton. The specimen from Tautavel comes from unit J, which is considered to represent 
temperate humid conditions (Moigne et al. 2006). The Middle Pleistocene in Bacton represents 
an interglacial episode warmer than today and is characterised by annual precipitation levels 
similar or greater than now, and strongly seasonal variation, resulting in cool wet winters and 
warm dry summers (Candy et al. 2006). The reconstructed environments for the Middle 
Pleistocene cave bears do not correspond with the 2B-PLS results and, thus, the influence of 
the environment may not be the main determinant for the morphology of the Middle 
Pleistocene cave bears. There is, however, the possibility that Middle Pleistocene cave bears 
adapted to a drier climate during one of the earlier climatic cycles (Stewart and Lonergan 
2011) and their morphology is a ghost of that past. 
Classic cave bears lived in the Late Pleistocene, a time of large climatic changes, but generally 
colder and drier than today (Barron and Pollard 2002). The present analyses show that classic 
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cave bears show a morphology associated with altitudes higher or comparable to those, which 
the  modern brown bear inhabits, and relatively little precipitation, less than in the habitats of 
the modern brown and polar bears (Figure 4-13 and Figure 5-11), which is consistent with 
climatic reconstructions (Barron and Pollard 2002), making it unlikely that U. spelaeus was 
adapted to withstand high precipitation. Classic cave bears did not actually live at higher 
altitudes than modern brown bears, but, because the climate was colder and drier in the Late 
Pleistocene, the climatic conditions currently prevailing at high altitudes were then present at 
lower altitudes. This implies that the morphology of bears and possibly other fossil taxa is 
influenced not by altitude per se, but by the environmental conditions associated with 
altitude. As abiotic conditions, biozones and ecotones have moved up and down altitudinally in 
response to the climatic changes of the Pleistocene, but also of earlier periods, both climate 
and altitude have to be taken into account to interpret the morphology of bears and other 
taxa.  
 
7.6.1.2 Influence of Diet 
 
The results of the present analyses show that, in terms of masseter functional morphology, the 
cave bears occupy a position in morphospace that overlaps with that of the modern brown 
bears, but approaches that of the folivorous panda on the first PC (Figure 4-12 and Figure 
4-19), possibly indicating an elevated amount of foliage in its diet relative to modern brown 
bears. This is supported by the fact that the positions in morphospace of cave and polar bears 
are opposite to each other relative to brown bears (Figure 4-35 and Figure 5-28), which has 
previously been found by van Heteren et al. (2009). The 2B-PLS analysis confirms that the 
morphology of the Middle Pleistocene cave bear is associated with amounts of foliage or roots 
in the diet that are relatively high for brown bears, but less than those consumed by panda 
(Figure 4-21). In morphospace, the classic cave bear evolved from the Middle Pleistocene cave 
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bear in the same direction as the folivorous panda (Figure 4-26), indicating that, compared to 
its direct ancestor, classic cave bears may have increased their relative foliage or other fibrous 
food intake even further. Caution should be taken with this interpretation, however, because 
the Middle Pleistocene and classic cave bears do not have significantly different masseter 
morphologies. The moment arm of the superficial masseter of the classic cave bear is much 
longer and the the moment arm of the deep masseter is slightly longer than that of the 
modern brown bear, approaching the configuration of the panda (Figure 4-15 and Figure 4-16). 
The masseter, and particularly the superficial masseter, is relatively effective when the jaw is 
nearly closed. Increased effectiveness of muscle force at this gape angle may be an adaptation 
to grinding. Both Middle Pleistocene and classic cave bears show adaptations consistent with 
elevated levels of herbivory relative to U. etruscus.  
The present analyses show that, in terms of temporal muscle function, the cave bears occupy a 
unique position in morphospace different from all extant bears. They have similar PC1 scores 
to the folivorous panda, but similar PC2 scores to modern members of the genus Ursus, their 
closest living relatives (Figure 5-10 and Figure 5-17). The lineage leading to the cave bears has 
evolved in the same direction as the folivorous panda concerning temporalis functional 
morphology (Figure 5-19 and Figure 5-20). This indicates that cave bears evolved temporalis 
adaptations towards grinding. The 2B-PLS analysis also indicates that the morphology of cave 
bears is associated with amounts of foliage in its diet intermediate between those of modern 
brown bear and panda (Figure 5-18). The moment arm of the temporal muscle of cave bears is 
longer than that of modern brown bears and approaches that of the panda. The temporal 
muscle of cave bears is most efficient at a jaw position that is more closed than that of either 
the modern brown bear or the panda (Figure 4-14); this is unique and not seen in any extant 
bear. As there is no modern analogue, it is difficult to infer to what this may be an adaptation, 
but it is conceivable that this increased efficiency of the temporal muscle when the jaw is 
nearly closed aids in delivering a more powerful grinding motion compared to U. arctos and 
possibly U. etruscus. This may be an adaptation to elevated levels of herbivory, consistent with 
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the interpretation of the masseter morphology. This may have evolved in response to the 
Pleistocene climate, which became increasingly varied and cold over time (Lisiecki and Raymo 
2007).  
Another family of Carnivora has also ventured out into the omnivorous niche. The Procyonidae 
(raccoons and relatives) are generally omnivorous (Labate et al. 2008). It may be possible to 
use masseter and temporal functional morphology to assess the diet of fossil Procyonidae, 
using the knowledge of the functional morphology of the masseter in bears. The same 
methodology may also be applied to additional taxa with broad dietary spectra, such as bats, 
which have diets varying from frugivory to sanguivory (Santana et al. 2010). Their fossil 
members may be assessed in a similar way, but particular caution should be taken if the taxa 
are not members of the order Carnivora, as the adaptations described above may not be 
uniform across all Mammalia. 
Within the genus Ursus, morphologies associated with eating foliage or with eating roots are in 
approximately the same direction in the 2B-PLS graphs in the present study, as they are both 
food items that are fibrous, but roots to a smaller degree (Figure 4-33 and Figure 5-26). 
Currently, the modern brown bear is the only species that has roots in its diet, though only 7%. 
Morphologies associated with much larger percentages of roots in the diet than this are not 
discernable from those associated with a foliage-rich diet in the 2B-PLS graphs, because there 
is no modern equivalent, although it may be possible to infer larger increased in root/tuber 






7.6.2 Intraspecific Variation in Cave Bears 
 
7.6.2.1 Variation between (Sub)Species 
 
Research on mitochondrial DNA and the morphology of cave bears has shown differences 
between populations of U. spelaeus s.l., which have even been assigned species status 
(Hofreiter 2005; Rabeder and Hofreiter 2004; Rabeder et al. 2004a; Rabeder et al. 2010). The 
data used in the present study do not support the existence of morphological differences 
between these groups for the masseter functional morphology of the mandible. There is a 
highly significant effect of (sub)species attribution on PC1 for temporal muscle function, but 
only when the analysis is restricted to the Alpine specimens; when all specimens are included, 
this effect is not found. Additionally, the difference only exists between U. s. deningeroides 
and U. s. ingressus, which are not contemporaneous. For the cranium some differences are 
observed between U. s. eremus and U. s. ingressus (Figure 6-19 and Figure 6-20), but these are 
not significant. More than 20 different species concepts have been proposed over time 
(Groves 2004). Three important concepts are the biological species concept, the evolutionary 
species concept, and the genetic species concept (Groves 2004). The species status of the cave 
bear populations are reevaluated below in the light of these species concepts, because the 
functional data here do not support large differences between the populations. Different 
populations of one Asiatic black bear subspecies (U. t. japonicus) are used to compare the cave 
bear populations with. If the differences between the cave bear populations are similar to 
those found in this single black bears subspecies, they deserve a similar rank. 
The biological species concept uses the interbreeding criterion to determine whether 
populations are distinct species (no interbreeding) or not (interbreeding) (Groves 2004). The 
genetic analyses that have been performed on cave bears were on mitochondrial DNA 
(Hofreiter 2005; Rabeder et al. 2004a). This type of DNA is only passed on from generation to 
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generation via the females. In extant members of the genus Ursus, like in most mammals, the 
females are philopatric, whereas the males disperse (Ishibashi and Saitoh 2004; Saarma and 
Kojola 2007; Støen et al. 2005; White et al. 2000). Similar behaviour is expected for the cave 
bears. So, the fact that mitochondrial DNA does not show evidence for gene flow between the 
two groups of cave bear specimens, even when they come from caves only 10 km apart, like 
Ramesch Knochenhöhle and Gamssulzenhöhle (Hofreiter 2005; Rabeder et al. 2004a), does not 
necessarily imply that there was no interbreeding of dispersing males with the females of 
distant or nearby localities. According to the biological species concept, the cave bear 
populations cannot be positively identified as different species from the DNA evidence. 
The evolutionary species concept identifies a species as an evolutionary lineage evolving 
separately from others with its own unitary evolutionary role (Groves 2004). Morphological 
differences between the various populations of cave bears, mostly of the teeth and the 
metapodials,  have been put forward as additional evidence that the cave bear populations 
should be accorded (sub)species status (Rabeder et al. 2008; Rabeder et al. 2004a). Two Asiatic 
black bear populations separated by two river basins in Japan show morphological differences  
in relation to mastication, such as tooth row length, palate width, and jugal length (Amano et 
al. 2004), which may be equivalent in magnitude to the morphological differences displayed by 
the cave bear populations. According to the evolutionary species concept, since the cave bear 
populations represent distinct morphological lineages, they could be species. It is, however, 
difficult to prove they are not merely separate populations instead, as the black bears also 
represent distinct morphologies, but are considered to be the same subspecies (Amano et al. 
2004). 
The genetic species concept states that species are distinguishable by a certain degree of 
genetic distance (Groves 2004). Mitochondrial DNA of both cave bears (Hofreiter 2005; 
Rabeder et al. 2004a) and Asiatic black bears (Ishibashi and Saitoh 2004) has been analysed 
and these two species are compared to assess the validity of the species attribution of cave 
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bear populations according to the genetic species concept. A similar situation to that of U. 
spelaeus s.l. occurs for the Asiatic black bear in Japan (Ishibashi and Saitoh 2004). Two 
populations of Asiatic black bears have had separated mitochondrial DNA lineages since 0.27 
Ma, which is a similar time frame to the 0.3 Ma given by Rabeder et al. (2004a; 2010) for the 
two groups they separate as U. ‘eremus’ and U. ‘ingressus’. The two black bear populations 
regained contact since 15 ka (Ishibashi and Saitoh 2004), equivalent to the period of 
contemporaneous occupation of the cave bear populations (Hofreiter 2005; Rabeder et al. 
2004a). The two black bear populations are only separated by a river and have largely different 
mitochondrial haplotypes (Ishibashi and Saitoh 2004). In each population, approximately 9% of 
individuals (all males, because females are philopatric) are of the haplotype belonging to the 
other population (Ishibashi and Saitoh 2004). Hofreiter (2005) used sample sizes of n=7 for 
Gamssulzenhöhle, all belonging to U. ‘ingressus’, and n=9 for Ramesch Knochenhöhle, all 
belonging to U. ‘eremus’. For a thought experiment, let us assume that the distribution of 
haplotypes for the two cave bear populations was similar to the Asiatic black bear populations, 
which is not unlikely, given the other similarities. The probability of having missed the other 
haplotype in each population then is 0.917=0.517 for Gamssulzenhöhle and 0.919=0.428 for 
Ramesch Knochenhöhle. Furthermore, 73.5% of the specimens in Gamssulzenhöhle and 53.9% 
in Ramesch Knochenhöhle are female (Rabeder et al. 2008). Since, for the black bears, only the 
males display the other haplotype (Ishibashi and Saitoh 2004), these sex ratios further inflate 
the probability of not finding the other haplotype in the fossils, even if it were present in the 
population. Additionally, in Herdengelhöhle and Brettsteinhöhle, multiple haplotypes were 
found (Hofreiter 2005), strengthening the idea that the situation for the cave bears may have 
been similar to the situation for the Asiatic black bears in Japan. The species status of the cave 
bear populations is not supported according to the genetic species concept, if the same criteria 
are applied to cave bears as have been applied to black bears. 
Based on the probabilities of not finding a haplotype in the fossil record even if it were present 
in the population, the possibility that the situation for the cave bears was the same as for the 
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Asiatic black bears and the fact that only U. ‘ingressus’ haplotypes were found in 
Gamssulzenhöhle and only U. ‘eremus’ haplotypes in Ramesch Knochenhöhle was based on 
chance rather than the actual haplotype distribution, cannot be definitively excluded. The 
different Asiatic black bear populations are regarded as different evolutionarily significant 
units, but they are not considered different subspecies; both are U. t. japonicus, and thus are  
definitely not different species (Ishibashi and Saitoh 2004). According to the phylogenetic 
species concept, however, evolutionary significant units are equivalent to species, but this 
view is not accepted in the literature on Ursidae, as species identification within Ursidae is 
stable (Gittleman 1999) and evolutionary significant units are recognised within species 
(Ishibashi and Saitoh 2004; Waits et al. 2000). Analogously, species status for the cave bear 
populations is not well supported, and even subspecies status is doubtful, on the basis of 
mitochondrial DNA.  
Since neither the genetic analysis nor the morphological analyses, provide sufficient evidence 
that the difference between the cave bear populations is larger than the difference between 
the Asiatic black bear populations, there is currently no strong foundation for the attritubution 
of the cave bear populations to different species or subspecies, although they may be 
regarded as evolutionary significant units, and there are, in some instances, morphological 
differences between them. 
 
7.6.2.2 Geographical and Temporal Variation between Populations 
 
Although (sub)specific divisions are not warranted in the cave bear material, morphological 
variation does occur between populations, particularly within the Alpine region, where valleys 
and mountains can easily separate adjacent populations. The bears from Gamssulzenhöhle, 
Mixnitz and Merkensteinhöhle have all been assigned to the same evolutionary significant unit 
(U. s. ingressus) (Rabeder et al. 2008; Rabeder et al. 2004a). The results of the present study 
 417 
show, however, that the cave bears from Gamssulzenhöhle have a significantly different 
masseter functional morphology to the bears from Merkensteinhöhle (Figure 4-59 and Table 
4-6) and a highly significantly different temporalis functional morphology to the bears from 
Mixnitz, which are in turn significantly different from those from the Schwabenreithhöhle 
(Figure 5-47, Table 5-2 and Table 5-3). So, considerable morphological differences within one 
evolutionary significant unit imply either high morphological plasticity or rapid microevolution. 
If the cave bears’ morphology was highly plastic, their morphology could prove to be a good 
proxy for environmental factors for well dated specimens, possibly on a decadal scale. If the 
cave bears underwent rapid microevolution, their morphology may still be used as an 
environmental proxy, but likely on a somewhat larger time scale. Correlating genetic 
differences with morphological differences and precise dating of morphological groups may 
make it possible to assess which of the two scenarios is more likely.  
The present analyses show that the most important difference between the bears from 
Gamssulzenhöhle and the bears from Merkensteinhöhle is that the latter have a longer 
distance between the condyle and the angular process (Figure 4-60), which increases the 
moment arm of the superficial masseter. The masseter, and particularly its superficial part, is 
most effective when the jaw is almost closed. Merkensteinhöhle is situated approximately 150 
km east north east of Gamssulzenhöhle (Rabeder and Hofreiter 2004). There are several 
differences and similarities between Gamssulzenhöhle and Merkensteinhöhle (Döppes and 
Rabeder 1997b). Gamssulzenhöhle is situated 1300 m above sea level, whereas 
Merkensteinhöhle is situated 441 m above sea level (Döppes and Rabeder 1997b). Although 
Late Palaeolithic artefacts have been found in Gamssulzenhöhle and Linearbandkeramik 
(Neolithic) in Merkensteinhöhle, these were found in the layers overlaying the cave bear fossil 
(Döppes and Rabeder 1997b) and are, therefore, younger. The cave bear fossils from both 
caves come from the Middle Würmian (= Middle Weichselien = oxygen isotope stage (OIS) 3) 
(Döppes and Rabeder 1997b). The most important difference between these two caves is the 
difference in altitude of almost a kilometer, indicating that the bears from Gamssulzenhöhle 
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probably experienced much colder temperatures than the bears from Merkensteinhöhle. The 
timberline in the Alps moved from being at approximately 2000m around 40 ka to 1000 m 
around 25 ka (Döppes and Rabeder 1997b). The bears from Gamssulzenhöhle, thus, lived much 
closer to or within the timberline ecotone and probably experienced more access to grasses 
and shrubs, particularly towards the end of OIS 3. It might, therefore, be expected that the 
bears from Gamssulzenhöhle would display adaptations to grinding grasses. This is, however, 
not the case, and instead the present analyses show that the bears from Merkensteinhöhle 
had a more effective masseter when the jaw is almost closed and in grinding position. The 
bears from Merkensteinhöhle also have higher P4/4 indices than those from Gamssulzenhöhle 
(Döppes and Rabeder 1997b; Rabeder et al. 2004a), another indication of more effective 
grinding.  
An important difference between the bears from Gamssulzenhöhle and Schwabenreithhöhle 
and the bears from Mixnitz in the present study is that the bears from Mixnitz have a longer 
tooth row, particularly the grinding basin, than the the bears from Gamssulzenhöhle and 
Schwabenreithhöhle (Figure 5-48). Mixnitz is situated approximately 100 km south east of 
Gamssulzenhöhle and 50 km south south east of Schwabenreithhöhle (Rabeder et al. 2008). 
There are several differences and similarities between the Gamssulzenhöhle, 
Schwabenreithhöhle and Mixnitz sites (Döppes and Rabeder 1997b). Mixnitz is located 949 m 
above sea level (Döppes and Rabeder 1997b), which is 351 m lower than Gamssulzenhöhle and 
10 m lower than Schwabenreithhöhle. Most cave bear remains at Mixnitz are found below the 
Aurignacian layer, but very few are found in it (Döppes and Rabeder 1997b); the difference 
between these is discussed below. The cave bear fossils from Gamssulzenhöhle and Mixnitz 
are Middle Würmian in age, whereas the remains from the Schwabenreithhöhle come from an 
Early Würmian (= Early Weichselian) stadial (=OIS 5d or OIS 5b) (Döppes and Rabeder 1997b). 
The most important difference between the two Middle Würmian caves is that 
Gamssulzenhöhle was above the timberline during occupation by cave bears, whereas Mixnitz 
was possibly below this ecotone, as evidence of beech has been found in a sinter layer 
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between two fossil-bearing layers and of coniferous trees in the Aurignacian layer (Döppes and 
Rabeder 1997b). Living above the timberline ecotone, the bears from Gamssulzenhöhle might, 
thus, be expected to be better adapted to grinding than the bears from Mixnitz, but instead 
the bears from Mixnitz have a longer grinding basin in the present analyses. The Early 
Würmian bears from Schwabenreithhöhle may be expected to show similar morphology to the 
bears from Mixnitz, as they lived at similar altitudes, but instead they display similarities to the 
bears from Gamssulzenhöhle. These findings are most likely due to the fact that these bears 
lived during a stadial (Döppes and Rabeder 1997b), during which temperatures were relatively 
low, and consequently the timberline relatively low as well. Additionally, the bears from 
Schwabenreithhöhle have rather low P4/4 indices (Döppes and Rabeder 1997b), because they 
were at an earlier evolutionary stage than the Middle Würmian bears. So, increased 
mastication efficiency of the molars may not have come from increased molar complexity, but 
rather from an increased surface area.  
The present results suggest that the bears from Gamssulzenhöhle were not particularly well 
adapted to grinding grasses, despite living above the timberline. The key to this apparent 
discrepancy is that it is not possible to discern between foliage and roots as the most 
important food item in morphospace, as both food items are fibrous and there is no modern 
equivalent of a bear that eats large amounts of roots. Based on the shape data in the present 
study, however, it seems that the bears from Gamssulzenhöhle are better adapted to eating 
roots and tubers than eating grass. Above the timberline, grass and other herbaceous plants 
are available during the short summer growing season, but outside the growing season, 
particularly in fall, subterraneous parts are more readily available and contain more energy 
(Mooney and Billings 1960). The cave bears from Gamssulzenhöhle may, therefore, have been 
more dependent on roots and tubers than the bears from lower altitudes particularly in 
predormancy autumn. It may be possible to test this by using dental microwear to distinguish 
between the mastication of subterraneous plant parts and foliage (Pinto Llona 2006; Schmidt 
2008). 
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The bears from Moravský Kras and Merkensteinhöhle are substantially different from the 
other cave bears in the present study. They have a relatively long maxilla and the roof of the 
mouth is very dorsal compared to the upper part of the face. The cranium as a whole is quite 
narrow. This general slenderness of the cranium could be an adaptation to selective feeding, 
as a slender cranium and rostrum would be able to feed more precisely than a broad rostrum, 
or eating more subterraneous matter, such as roots and tubers, as a slender cranium would 
more easily gain access to dug holes or between the roots of trees than a broad cranium. 
Unfortunately, Moravský Kras, the Moravian Karst, occupies an area of approximately 85 km2 
(Kadlec et al. 2001) and for most of the cave bear crania the exact locality is unknown (Wagner 
2001), including this one, which makes it very difficult to determine what the possible cause of 
the difference between the bears from Moravský Kras and Merkensteinhöhle on the one hand 
and the other bears on the other could be. It was established above that the mandibulae of 
the bears from Merkensteinhöhle have greater mechanical advantage in their masseter-
related mandibular morphology. The cranium from Merkenstein has a large attachement area 
for the masseter and, combined with the mandibular morphology, this indicates that the 
masseter was a very important muscle for these bears, possibly for grinding foliage. The 
slenderness of the cranium and the fact that the PC3 scores of the bear from Merkenstein is 
very similar to the majority of Asiatic and American black bear (Figure 6-11), indicates that in 
addition to grinding foliage, these bears may have selected certain hard and soft mast. The 
same probably applies to the bear from Moravský Kras. Additionally, it seems unlikely that the 
cranium from Moravský Kras came from Sloup. There are several other crania from Sloup 
included in the cranial analyses and they all plot above the grey area in the PCA (Figure 6-11). 
On a broader geographical scale, there is also considerable variation in cranial morphology 
between cave bears from eastern Europe and central Europe according to the present results. 
Cave bears from central Europe have a relatively deep zygomatic arch, which provides a large 
attachment area for the masseter. During the Late Pleistocene, central Europe experienced 
higher temperatures and more precipitation in the form of snow than eastern Europe in 
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winter, whereas conditions were similar in summer (Barron and Pollard 2002).  Whether, or 
how, the difference in morphology of these two populations is associated with this climatic 
difference is difficult to ascertain. It might be expected that the bears from central Europe 
would have more access to foods that are relatively easy to masticate, as they lived in a milder 
climate. The opposite is, in fact, the case. This may point to the fact that local food availability 
is not only determined by climatic factors. Alternatively, the cranium has many other functions 
other than mastication that may influence the morphology of the zygomatic arch.  
Temporally, Middle Pleistocene cave bears precede classic cave bears, the former living in the 
Middle Pleistocene and the latter in the Late Pleistocene in the present study. Classic cave bear 
has PC1 scores comparable to the panda and PC2 scores significantly higher than Middle 
Pleistocene cave bear (Figure 5-17) for the temporalis. The bears are not substantially different 
concerning masseter morphology, however, indicating that particularly temporal muscle 
function may have responded to the vegetation changes throughout the Pleistocene. This is 
confirmed by the fact that since the PC axes summarise all morphological variation and the PLS 
axes only summarise morphological data associated with diet, a difference in PC2 scores that is 
not present in the PLS scores of the analysis on diet is not likely to be an effect of dietary 
differences, but could be due to the climatic differences between the Middle and Late 
Pleistocene. The coronoid process of classic cave bears is higher than that of Middle 
Pleistocene cave bears. As this adaptation is possibly not directly related to diet, it could be 
associated with changes in the cranial morphology. Unfortunately, no cranial remains of U. 
deningeri were analysed in the present thesis, so it was not possible to assess this possibility 
further.  
If the differences in temporal muscle morphology are caused by climatic differences, similar 
adaptations in Ursidae and other taxa may be expected during other climatic events. In well 
dated Pleistocene sediments, it should be possible to discern microevolution associated with 
the Milankovitch cycles. Carnivore species that have survived the Late Pleistocene mass 
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extinction event (O'Regan et al. 2002) would be expected to show morphological changes 
associated with the Pleistocene-Holocene transition. Even within the Holocene, events such as 
the 8.2 ka event, the little ice age and current global warming could be visible in the 
mandibular morphology of Ursidae and other taxa.  
 
7.7 Interspecific Competition within Pleistocene Ursidae  
 
In the Middle Pleistocene of Europe, there was only one species of bear, U. deningeri. In the 
Late Pleistocene, however, there were two, U. spelaeus and U. arctos. These species could 
potentially have been in competition.  
The diet of U. spelaeus mainly consisted of foliage and roots. The wear patterns on the teeth 
suggest a very abrasive diet for U. spelaeus (Capasso and Caramiello 1999). The foliage 
consumed by U. spelaeus could have been grass or other low level plants. Ingestion of these 
plants or roots and tubers probably involved mastication of grit as well (Stiner et al. 1998), 
explaining the high degree of wear.  Fossil U. arctos probably consumed fewer invertebrates 
than modern U. arctos, but more hard mast and foliage and perhaps roots.  
Although there is some overlap in the diets of the cave bear and the brown bear, it seems 
unlikely that there was much competition between these two species. Brown bear probably 
foraged in deciduous forest, where hard mast was readily available and it may have foraged in 
the understory as well. Cave bear probably foraged in the open field, where grass and other 
herbaceous plants were ubiquitous. This geographical segregation between brown and cave 
bear may have reduced direct competition for food sources.  
The late Pleistocene consisted of stadials and interstadials with varying climates. During the 
stadials in the Late Pleistocene, Europe was mostly covered by tundra (Preusser 2004); during 
the interstadials in the Late Pleistocene, trees recolonised Europe from their refugia and hard 
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mast such as from oak and hazel became available (Grüger, 1989). Consequently, there may 
have been a temporal factor in habitat occupation too, as habitat types migrated north and 
south according to climate, so did the animals that were dependent on these habitats. More 
exact dating of both brown and cave bear finds is, however, necessary to confirm this.  
 
7.8 Future Work 
 
The present work has provided information on ursid adaptations in the Pleistocene of Europe. 
Some questions remain, however, that warrant further research. The males of modern brown 
bears display more variation in their masseter related morphology than the females. This could 
be caused by the fact that there are more physical constraints on the females, as bearers of 
offspring, than on the males according to the model displayed in Figure 7-1. If the physical 
constraints are stricter for females and less strict for males this will constrain female mutation 
levels, but allow for higher mutation levels in males. A higher mutation rate for males than 
females has already been established (Crow 1997; Drake et al. 1998; Nachman and Crowell 
2000). The difference in physical constraints on males and females also causes the reaction 
norm of females to be wider, whereas the reaction norm of males is allowed to be narrower. 
As canalisation indicates the ability of an individual to acquire a certain phenotype with a given 
genotype (Dongen 2006), this means that males show a higher degree of canalisation than 
females. The difference in physical constraints between males and females may also have a 
direct effect on fluctuating asymmetry, as a less constrained morphology in general may also 
allow for more differences between the left and the right side of the body. It has been 
established that fluctuating asymmetry is higher for females than for males in some species 
(e.g., Loeschcke et al. 1999). The higher mutation level and narrow reaction norm of males 
results in wider phenotypic dispersion in wild populations, whereas the reverse is the case for 
females due to lower mutation levels and a wider reaction norm (Geodakian 1978; Geodakian 
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1982). The reaction norm may have an effect on fluctuating asymmetry as well, as a larger 
morphological response to the environment potentially allows for larger differences between 
the response on the right and left sides of the body. This need not necessarily be the case, 
however. There are still important gaps in the knowledge on fluctuating asymmetry (Dongen 
2006; Palmer and Strobeck 1992; Swaddle 2003), such as whether it reflects developmental 
instability, whether it is heritable and whether it is adaptive. Additionally, there is no 
consensus on whether fluctuating asymmetry actually plays a role in sexual selection (Swaddle 
2003). Recommendations for studying fluctuating asymmetry and sexual selection on live 
animals are given elsewhere (Swaddle 2003). Sexual selection of females on males may, 
however, reduce fluctuating asymmetry in males, when females preferentially mate with more 
symmetrical males (Thornhill and Møller 1998). The reason for this may be that the degree of 
symmetry indicates the levels of environmental and genomic stress (Parsons 1992), but 
increased fluctuating asymmetry can only be observed when environmental stress reaches a 
certain threshold (Parsons 1992; Swaddle 2003). Sexual selection may also play a role in 
maintaining a wider phenotypic dispersion in males, if mate choice in females is variable, but 
this need not necessarily be so. The difference in reaction norm in males and females and its 
effect on phenotypic dispersion can be tested by assessing the morphological differences 
between male and female homozygous and dizygous twins. If females have a broader reaction 
norm than males, the morphological differences between homozygous female twins should be 
greater than between male ones, whereas the reverse should be the case for dizygous twins. 
This has indeed been found to be the case (Vandenberg et al. 1962). Similar research on bear 
twins should be able to confirm whether this pattern is also present in this family. Due to the 
nature of museum collections, however, it will be difficult to perform such research, as the 
familial relationship between animals is often not known. Three hypotheses can be postulated 
concerning the morphological variation in male and female bears. If the physical constraints on 
females are higher than on males and females have a mating preference for more symmetrical 
males, it is expected that males would show more phenotypic dispersion and less fluctualting 
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asymmetry than females. If, however, females do not have a mating preference for more 
symmetrical males (fluctuating asymmetry is a neutral trait) and physical constraints on 
females are higher than on males, then males are expected to show more phenotypic 
dispersion and more fluctuating asymmetry. And, lastly, if there is no difference in physical 
constraints between males and females and females prefer more symmetrical males for 
mating, no difference in phenotypic dispersion is expected, but males should be more 
symmetrical than females. The last hypothesis, however, seems unlikely to be true, because 
higher phenotypic dispersion for males is already suggested by the present data. The three 
hypotheses postulated above can be tested assessing 3D geometric morphometric data of 
both sides of the crania and mandibulae (and additional elements) for sex-specific phenotypic 
dispersion and fluctuating asymmetry. 
Additional fossil bear taxa may be added to the dataset and the present analyses redone. 
Mandibulae and crania of bears from before the Pleistocene are very rare, but some early 
Pleistocene specimens are available. Inclusion of these specimens would allow for the 
interpretation of the diet of these early bear species, and it would make the phylogenetic 
analyses more accurate. Additionally, it would be very useful to analyse the fossils of the giant 
short faced bear (Arctodus simus). This bear is most closely related to the spectacled bear 
(McLellan and Reiner 1994) and has been proposed to be largely carnivorous (Mattson 1998). 
It lived in North America during the Pleistocene (Mattson 1998). It, thus, lived during the same 
time span as the cave bear, but on a different continent and probably had a different diet. 
Inclusion of this species in the analyses would make it possible to assess the diet of the short 
faced bear from a functional morphological point of view. Comparison of the functional 
morphology of this species with that of the cave bear would provide information on the types 
of adaptations adopted by similar species (they are both members of the family Ursidae) in 







Figure 7-1: A schematic representation of the theoretical influences on phenotypic dispersion and fluctuating 
asymmetry in males and females. The dotted arrows indicate uncertain relationships.  
 
The methodology applied in the present study can also be used for other osteological elements 
than those related to mastication. Geometric morphometrics has already successfully been 
used to assess locomotory adaptations in the femora of hominoids (Harmon 2007). In the case 
of bears, the humeri, for example, could be analysed to provide information on cursoriality and 
grappling abilities.  
In the present study, the RV coefficients vary in a predictable way across analyses. It is 
currently not possible to test statistically whether these differences are significant. A new 
statistical method should be developed to compare RV coefficients with each other taking into 
account the sample sizes and number of landmarks used in the calculations of the RV 
coefficients.  
Sometimes, in the present study, it is unclear whether the results are statistical artifacts or 
true biological signals. It is possible to test for this by making several artificial datasets with 
known morphological variation and comparing the results of the analyses on these datasets 
Mutation level 
♂ higher ♀ lower 
Physical constraints 
♂ less strict ♀ stricter 
phenotypic dispersion 
♂ wider  ♀ narrower 
Reaction norm 
♂ narrower ♀ broader 
Sexual selection 
Fluctuating asymmetry 
♂ less  ♀ more 
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with each other. If the signal is statistical it will occur irrespective of the underlying biological 
variation.  
 
7.9 Methodological Limitations and Advances 
 
The credibility of this scientific thesis hinges on how the data were gathered, analysed and 
interpreted. Each of these three steps poses some methodological limitations.  
Data collection was limited to available complete crania and mandibulae. Mandibulae were 
gerenally rather complete, but crania were not. This has greatly reduced the sample size for 
the crania. Also, fossils of bears from before the Middle Pleistocene were not included in the 
analyses. They are not well represented in the fossil record and often only consist of teeth. 
Additionally, landmark coordinates were collected directly on the specimen with a Microscribe 
G2. As only the landmarks are digitised and and not the entire specimen, it is not possible to 
correct mistakes and very difficult to control for a potential change in landmark recognition 
over time. The latter has, however, been tested for (section 2.2.6.3) and does not seem to be 
present. A possible solution would be to use 3D scans of the specimens, so that any landmark 
can be redigitised virtually when necessary.  
The statistical analyses of the data for a large part depended on the data being normally 
distributed and the groups to be tested to have homogeneous variances. Although the data 
were tested for these two assumptions, these tests can only indicate if the assumption is being 
violated with 95% certainty, but if the assumption is not violated with 95% certainty, this does 
not by definition mean the assumptions are met in the underlying population, as statistical 
tests are designed to disprove hypotheses, not to prove them. Additionally, since no fossils 
from before the Middle Pleistocene were included and there was no outgroup in the 
phylogenetic analyses, the root of the phylogenetic tree was not very well reconstructed. 
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Only information on the morphology of the mandibles and crania was collected. The 
interpretation of the data, however, extends to the entire animal. This will inevitably have led 
to incomplete or inaccurate interpretations. Additionally, the cranium has many functions 
outside mastication. This thesis mainly focused on the influence of mastication. The other 
functions of the cranium may have posed restrictions on the morphology of the cranium, 
leading to morphologies that may not be ideally adapted to the diet of the animals, but 
providing overall higher survival chances of the individual. This may have caused inaccurate 
dietary interpretations based on the crania. The mandibulae, however, have mastication as 
their sole function and comparison of the cranial and mandibular results helps interpret the 
crania in a correct way. Another issue with the interpretation of the results is that correlation 
does not necessarily imply causation. It might be possible that both masticatory morphology 
and diet are dependent on a third factor not included in the present analyses. Therefore, the 
interpretions based on the present results should be considered to be tentative. The 
biomechanical information, however, does provide some support for a causative relation 
between diet and masticatory morphology.  
Despite the above, the present study represents a significant methodological advance in the 
study of cave bear functional morphology. Figueirido et al.’s (2009) study of the functional 
morphology of cave bear mandibles uses 2D data taken from photographs instead of 3D data. 
As crania are clearly three dimensional objects, an important aspect of morphological 
information is lost. Even though hemi-mandibles are rather flat, the use of photographs 
renders it impossible to use landmarks on both the lingual and the labial side of the mandible 
in the same analysis. Thus, three-dimensional data increases the precision of the data and 
makes it possible to include all possible landmarks on the mandible, not just those that happen 
to be visible on the photograph.  
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In addition, allometrically corrected data yield much better separation between the species 
when performing principal component analyses. This may explain the lack of separation 
between species in the results of Figueirido et al. (2009).  
 
7.10 Concluding Remarks 
 
The present study builds on previous work on cave bears using geometric morphometrics 
(Figueirido et al. 2009) by performing the analyses in 3D and applying an allometric correction. 
The results of the present study show clearer separation between the species than the results 
of Figueirido et al. (2009) and allow for easier classification of the diet of cave bears. The main 
hypothesis of the present study was that the morphology of cave bears would be influenced by 
environmental factors, including the influence of environmental factors on dietary adaptation. 
The present study analyses the relationship between form and function of the masticatory 
apparatus of bears to test the research hypotheses and achieve the objective of identifying 
extrinsic factors acting on the morphology of cave bears. The methodology used in the present 
study effectively assesses the covariation of diet and morphology in extant bears and applies 
the resulting models to interpret the diet of fossil bears. Results suggest that bear cranial and 
mandibular morphology reflects diet and that variation in the diet of fossil bears can be 
explained by variations in altitude and climate.  
The present study suggests that cave bears were mostly herbivorous. Roots, tubers and foliage 
may all have been an important part of their diet in varying quatities. There is no support for 
scavenging or hunting behaviour of cave bears.  
The objective of the present study was to determine the influences of environmental factors 
and diet on Pleistocene cave bears at the level of evolutionary change. Altitude has an effect 
on the masticatory morphology of cave bears, as previously suggested for the teeth (Rabeder 
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et al. 2008), with bears at higher altitudes being better adapted to eating roots and tubers, 
whereas bears at lower altitudes are better adapted to eating foliage. Climate change during 
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Appendix A Specimens 
 
Mandibulae General Shape 
 
Table A-1: List of specimens used in the analyses of the mandible with fifteen landmarks and their locality. The 
specimens that have an entry under ‘locality’ are fossils. Longitude and latitude are given in degrees and altitude 
is given in meters above sea level. Abbreviations under ID: JM=Landesmuseum Joanneum, Graz, Austria; 
MZUF=Museum of Zoology and Natural History “La Specola”, Firenze, Italy; BM(NH)=Natural History Museum, 
London, UK; ZMUO=Natural History Museum, University of Oslo, Oslo, Norway; KBIN=Royal Belgian Institue of 
Natural Sciences; MLT=Staatliches Museum für Naturkunde Stuttgart, Museum am Löwentor, Stuttgart, 
Germany; UWIEN=Universität Wien, Vienna, Austria; ULg=Université de Liège, Liège, Belgium; 
NMW=Naturhistorisches Museum Wien, Vienna, Austria. Abbreviations under sex: f=female; m=male; 











BM(NH) 39.3808 A. melanoleuca m 103.75 32.25 2000  
BM(NH) 9.7.21.3 A. melanoleuca u 103.75 32.25 2000  
BM(NH) 55.587 A. melanoleuca u 103.75 32.25 2000  
BM(NH) 55.591 A. melanoleuca u 103.75 32.25 2000  
BM(NH) 96.8.20.1 A. melanoleuca u 103.75 32.25 2000  












BM(NH) 1938.11.30.70 H. malayanus f 97.75 4.75 79  
BM(NH) 1938.11.30.69 H. malayanus m 97.75 4.75 79  
BM(NH) 79.11.21.198 H. malayanus m 101.75 6.25 30  
BM(NH) 73.4.29.1 H. malayanus u 101.75 6.25 30  
BM(NH) 55.734 H. malayanus u 112.75 2.75 600  
BM(NH) 35.1.1.4 M. ursinus f 76.75 11.25 600  
BM(NH) 36.1.22.1 M. ursinus f 80.25 8.25 50  
BM(NH) 36.1.22.2 M. ursinus f 80.75 7.75 25  
BM(NH) 36.1.22.4 M. ursinus m 80.25 9.25 70  
BM(NH) 36.1.22.6 M. ursinus m 81.25 6.25 600  
BM(NH) 20.10.27.5 M. ursinus m 87.25 22.25 94  
BM(NH) 20.10.27.6 M. ursinus m 87.25 22.25 94  
BM(NH) 24.10.5.12 M. ursinus m 85.75 22.75 400  
BM(NH) 31.1.10.8 M. ursinus u 77.25 21.25 400  
BM(NH) 32.8.14.1 M. ursinus u 77.75 24.75 130  
BM(NH) 220h M. ursinus u 85.25 23.75 600  












BM(NH) 9.6.1.18 M. ursinus u 76.25 12.25 790  
BM(NH) 31.1.10.9 M. ursinus u 77.25 21.25 400  
BM(NH) 62.1962 M. ursinus u 76.25 32.75 2190  
BM(NH) 9.7.26.1 T. ornatus f -71.25 8.75 1630  
BM(NH) 34.9.2.70 T. ornatus m -66.25 -17.25 2540  
BM(NH) 73.6.27.4 T. ornatus u -69.75 -12.75 200  
BM(NH) 73.6.27.5 T. ornatus u -69.75 -12.75 200  
BM(NH) 1939.3617 T. ornatus u -69.75 -12.75 1500  
NMW 8271 U. americanus f -142.75 63.25 500  
NMW 8269 U. americanus m -142.75 63.25 500  
BM(NH) 61.1285 U. americanus m -149.25 61.75 1500  
BM(NH) 61.1286 U. americanus m -151.25 59.75 0  
BM(NH) 61.1287 U. americanus m -149.75 61.75 70  
BM(NH) 76.197 U. americanus u -153.75 63.75 350  
NMW 63555 U. americanus u -153.75 63.75 350  
BM(NH) 2002.124 U. americanus u -74.75 43.25 400  












BM(NH) 12.5.15.2 U. americanus u -128.75 52.75 150  
BM(NH) 31.6.1.1 U. arctos f 43.75 44.25 1200  
BM(NH) 1010g U. arctos m 39.25 34.75 500  
BM(NH) 31.2.2.1 U. arctos f 75.25 34.75 4000  
BM(NH) 32.12.15.1 U. arctos f 77.25 31.75 1200  
BM(NH) 42.81 U. arctos f 74.75 34.25 1800  
BM(NH) 92.10.9.1 U. arctos f 91.25 29.75 4000  
BM(NH) 31.1.6.1 U. arctos m 78.25 30.75 3260  
BM(NH) 32.5.6.1 U. arctos m 74.75 34.25 1800  
BM(NH) 56.9.22.21 U. arctos m 74.75 34.25 3000  
BM(NH) 87.5.15.2 U. arctos m 74.75 34.25 3000  
BM(NH) 29.5.24.1 U. arctos f 31.25 60.75 5  
BM(NH) 88.2.20.16 U. arctos f 159.75 56.75 500  
BM(NH) 88.2.20.18 U. arctos f 159.75 56.75 500  
BM(NH) 90.8.1.3 U. arctos f 18.75 67.25 700  
BM(NH) 1991.216 U. arctos f 92.25 53.25 2350  












BM(NH) 1991.217 U. arctos m 92.25 53.25 2350  
MZUF 11884 U. arctos f 13.75 42.25 2000  
ZMUO 81-57 U. arctos m 12.75 61.25 500  
ZMUO 348-49 U. arctos m 11.75 61.75 500  
ZMUO 11847 U. arctos m 11.75 60.75 350  
MZUF 11883 U. arctos m 9.75 45.25 200  
MZUF 3584 U. arctos u 13.75 42.25 2000  
MZUF 7376 U. arctos u 9.25 60.25 800  
MZUF 7379 U. arctos u 9.25 60.25 800  
NMW 7793 U. arctos u -133.25 61.75 800  
NMW 41251 U. arctos u -159.75 63.75 300  
ZMUO 7384 U. arctos u 9.25 60.25 800  
KBIN 2555-2 U. arctos u 4.00 51.00 460 Belgium 
ZMUO 370-65-62 U. maritimus f 5.75 58.75 0  
ZMUO 370-65-68 U. maritimus f 5.75 58.75 0  
BM(NH) 41.1.19.7 U. maritimus f 5.75 58.75 0  












BM(NH) 29.7.24.3 U. maritimus u 54.75 80.75 0  
BM(NH) 29.7.24.6  U. maritimus u 54.75 80.75 0  
BM(NH) 1937.5.6.1 U. maritimus u -32.75 68.25 0  
BM(NH) 1937.5.6.3 U. maritimus u -32.75 68.25 0  
BM(NH) 1937.5.6.4 U. maritimus u -32.75 68.25 0  
BM(NH) 1937.5.6.5 U. maritimus u -32.75 68.25 0  
BM(NH) 1937.11.3.2 U. maritimus u -21.75 73.75 0  
UWIEN GS33-15 U. spelaeus u 14.25 47.75 1300 Gamssulzenhöhle 
UWIEN GS150-4 U. spelaeus u 14.25 47.75 1300 Gamssulzenhöhle 
JM 739 U. spelaeus u 15.25 47.25 419 Lurgrotte 
NMW MS27 U. spelaeus u 16.25 47.75 441 Merkensteinhöhle 
NMW MS34 U. spelaeus u 16.25 47.75 441 Merkensteinhöhle 
NMW MS45 U. spelaeus u 16.25 47.75 441 Merkensteinhöhle 
UWIEN A16 U. spelaeus u 15.25 47.25 949 Mixnitz 
NMW SL3 U. spelaeus u 13.75 47.25 1980 Schottloch 
ULg 9045 U. spelaeus u 4.75 50.25 460 Belgium 












MLT 34156.121 U. spelaeus u 10.25 48.75 534 Hohlenstein 
MLT 34151.597 U. spelaeus u 9.25 48.75 760 Sibyllenhöhle 
UWIEN KJ228 U. spelaeus u 14.25 45.75 534 Krizne 
BM(NH) 30.3.1.2 U. thibetanus f 78.25 30.25 900  
BM(NH) 30.5.21.1 U. thibetanus f 74.25 26.25 2150  
BM(NH) 95.2.21.6 U. thibetanus f 127.75 50.25 230  
BM(NH) 26.10.8.41 U. thibetanus m 77.75 30.75 2750  
BM(NH) 27.2.7.4 U. thibetanus m 75.75 34.25 3000  
BM(NH) 33.2.4.3 U. thibetanus m 79.75 29.75 1500  
BM(NH) 95.2.21.5 U. thibetanus m 127.75 50.25 230  
BM(NH) 26.10.8.42 U. thibetanus u 77.75 30.75 2450  
BM(NH) 80.3.20.30 U. thibetanus u 135.75 34.75 40  






Mandibulae Masseter Morphology 
 
Table A-2: List of specimens used in the analyses of the mandible with seven landmarks focusing on masseter 
functional morphology and their locality. U. arctos fossilis, U. deningeri and U. spelaeus are fossils. Longitude and 
latitude are given in degrees and altitude is given in meters above sea level. * indicates the subset of U. spelaeus. 
Abbreviations under ID: JM=Landesmuseum Joanneum, Graz, Austria; MZUF=Museum of Zoology and Natural 
History “La Specola”, Firenze, Italy; BM(NH)=Natural History Museum, London, UK; ZMUO=Natural History 
Museum, University of Oslo, Oslo, Norway; KBIN=Royal Belgian Institute of Natural Sciences; MLT=Staatliches 
Museum für Naturkunde Stuttgart, Museum am Löwentor, Stuttgart, Germany; UWIEN=Universität Wien, 
Vienna, Austria; ULg=Université de Liège, Liège, Belgium; HdN=Haus der Natur, Salzburg, Austria; MNCN=Museo 
Nacional de Ciencias Naturales, Madrid, Spain; MNHU=Museum für Naturkunde, Leibnitz-Institut für Evolutions- 
und Biodiversitätsforschung and der Humboldt Universtität, Berlin, Germany; NMW=Naturhistorisches Museum 
Wien, Vienna, Austria; NMP=Národní Museum Praha, Prague, Czech Republic; PR=Prehistosite Ramioul, Ramioul, 
Belgium; TAU=Musée de Préhistoire de Tautavel, T. Abbreviations under sex: f=female; m=male; u=unsexed. 
(Continued on the following pages.) 







BM(NH) 39.3808 A. melanoleuca  m 103.75 32.25 2000 
BM(NH) 9.7.21.3 A. melanoleuca  u 103.75 32.25 2000 
BM(NH) 55.587 A. melanoleuca  u 103.75 32.25 2000 
BM(NH) 55.591 A. melanoleuca  u 103.75 32.25 2000 
BM(NH) 96.8.20.1 A. melanoleuca  u 103.75 32.25 2000 
BM(NH) 15.12.1.9 H. malayanus  f 98.75 14.25 150 
BM(NH) 1938.11.30.70 H. malayanus malayanus f 97.75 4.75 79 
BM(NH) 1938.11.30.69 H. malayanus malayanus m 97.75 4.75 79 
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BM(NH) 79.11.21.198 H. malayanus  m 101.75 6.25 30 
BM(NH) 55.734 H. malayanus euryspilus u 112.75 2.75 600 
BM(NH) 35.1.1.4 M. ursinus  f 76.75 11.25 600 
BM(NH) 36.1.22.1 M. ursinus inornatus f 80.25 8.25 50 
BM(NH) 36.1.22.2 M. ursinus  f 80.75 7.75 25 
BM(NH) 20.10.27.5 M. ursinus ursinus m 87.25 22.25 94 
BM(NH) 20.10.27.6 M. ursinus ursinus m 87.25 22.25 94 
BM(NH) 24.10.5.12 M. ursinus ursinus m 85.75 22.75 400 
BM(NH) 32.5.7.9 M. ursinus ursinus m 80.75 22.25 594 
BM(NH) 36.1.22.4 M. ursinus  m 80.25 9.25 70 
BM(NH) 36.1.22.6 M. ursinus  m 81.25 6.25 600 
BM(NH) 32.8.14.1 M. ursinus  u 77.75 24.75 130 
BM(NH) 220h M. ursinus  u 85.25 23.75 600 
BM(NH) 24.10.5.14 M. ursinus ursinus u 85.25 23.75 600 
BM(NH) 9.6.1.18 M. ursinus ursinus u 76.25 12.25 790 
BM(NH) 31.1.10.8 M. ursinus ursinus u 77.25 21.25 400 
BM(NH) 31.1.10.9 M. ursinus ursinus u 77.25 21.25 400 
 480 







BM(NH) 9.7.26.1 T. ornatus  f -71.25 8.75 1630 
BM(NH) 27.11.1.71 T. ornatus  m -8.25 -76.25 500 
BM(NH) 34.9.2.70 T. ornatus  m -66.25 -17.25 2540 
BM(NH) 55.12.24.309 T. ornatus  u 0 -78.25 1900 
BM(NH) 73.6.27.4 T. ornatus  u -69.75 -12.75 200 
BM(NH) 73.6.27.5 T. ornatus  u -69.75 -12.75 200 
BM(NH) 1939.3617 T. ornatus  u -69.75 -12.75 1500 
NMW 8271 U. americanus  f -142.75 63.25 500 
NMW 8269 U. americanus  m -142.75 63.25 500 
BM(NH) 61.1286 U. americanus  m -151.25 59.75 0 
BM(NH) 61.1287 U. americanus  m -149.75 61.75 70 
BM(NH) 76.197 U. americanus  u -153.75 63.75 350 
NMW 63555 U. americanus  u -153.75 63.75 350 
NMW 64947 U. americanus  u -141.75 64.75 1700 
BM(NH) 2002.124 U. americanus  u -74.75 43.25 400 
BM(NH) 42.79 U. americanus  u -106.25 56.25 500 
BM(NH) 12.5.15.2 U. americanus  u -128.75 52.75 150 
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BM(NH) 31.6.1.1 U. arctos syriacus f 43.75 44.25 1200 
BM(NH) 1010g U. arctos syriacus m 39.25 34.75 500 
BM(NH) 31.2.2.1 U. arctos isabellinus f 75.25 34.75 4000 
BM(NH) 32.12.15.1 U. arctos isabellinus f 77.25 31.75 1200 
BM(NH) 42.81 U. arctos isabellinus f 74.75 34.25 1800 
BM(NH) 87.5.5.3 U. arctos isabellinus f 74.75 34.25 3000 
BM(NH) 92.10.9.1 U. arctos pruinosus f 91.25 29.75 4000 
BM(NH) 31.1.6.1 U. arctos isabellinus m 78.25 30.75 3260 
BM(NH) 32.5.6.1 U. arctos isabellinus m 74.75 34.25 1800 
BM(NH) 56.9.22.21 U. arctos isabellinus m 74.75 34.25 3000 
BM(NH) 87.5.15.2 U. arctos isabellinus m 74.75 34.25 3000 
BM(NH) 29.5.24.1 U. arctos arctos f 31.25 60.75 5 
BM(NH) 88.2.20.16 U. arctos beringianus f 159.75 56.75 500 
BM(NH) 88.2.20.18 U. arctos beringianus f 159.75 56.75 500 
BM(NH) 90.8.1.3 U. arctos arctos f 18.75 67.25 700 
BM(NH) 1991.216 U. arctos arctos f 92.25 53.25 2350 
BM(NH) 19.7.7.3609 U. arctos arctos m 31.25 60.75 5 
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BM(NH) 19.7.7.3610 U. arctos beringianus m 159.75 56.75 500 
BM(NH) 88.2.20.15 U. arctos beringianus m 159.75 56.75 500 
BM(NH) 1991.217 U. arctos arctos m 92.25 53.25 2350 
MZUF 11884 U. arctos marsicanus f 13.75 42.25 2000 
ZMUO 81-57 U. arctos arctos m 12.75 61.25 500 
ZMUO 129-58 U. arctos arctos m 12.75 61.25 500 
ZMUO 348-49 U. arctos arctos m 11.75 61.75 500 
ZMUO 11847 U. arctos arctos m 11.75 60.75 350 
MZUF 11883 U. arctos arctos m 9.75 45.25 200 
ZMUO247 U. arctos arctos u 11.75 60.25 203 
MZUF 3584 U. arctos marsicanus u 13.75 42.25 2000 
MZUF 7376 U. arctos arctos u 9.25 60.25 800 
MZUF 7377 U. arctos arctos u 9.25 60.25 800 
MZUF 7379 U. arctos arctos u 9.25 60.25 800 
NMW 7793 U. arctos horribilis u -133.25 61.75 800 
NMW 41251 U. arctos horribilis u -159.75 63.75 300 
BM(NH) 78.6.18.1 U. arctos horribilis u -133.25 61.75 800 
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ZMUO 7384 U. arctos arctos u 9.25 60.25 800 
NMW KL3 U. arctos fossilis u 15.75 47.25 480 
PR our brun U. arctos fossilis u 5.75 50.75 90 
ULg 9039 U. arctos fossilis u 4.75 50.25 200 
KBIN 2555-2 U. arctos fossilis u 4.75 50.25 200 
TAU 456A U. deningeri  u 2.25 42.75 170 
BM(NH) M6186b U. deningeri  u 1.25 52.75 0 
ZMUO-370-65-62 U. maritimus  f 5.75 58.75 0 
ZMUO-370-65-68 U. maritimus  f 5.75 58.75 0 
BM(NH) 41.1.19.7 U. maritimus  f 5.75 58.75 0 
ZMUO-370-65-66 U. maritimus  m 5.75 58.75 0 
BM(NH) 43.6.23.11 U. maritimus  u -95.75 74.75 0 
BM(NH) 1937.5.6.1 U. maritimus  u -32.75 68.25 0 
BM(NH) 1937.5.6.3 U. maritimus  u -32.75 68.25 0 
BM(NH) 1937.5.6.4 U. maritimus  u -32.75 68.25 0 
BM(NH) 1937.5.6.5 U. maritimus  u -32.75 68.25 0 
BM(NH) 1937.11.3.2 U. maritimus  u -21.75 73.25 0 
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BM(NH) 29.7.24.3 U. maritimus  u 54.75 80.75 0 
BM(NH) 29.7.24.6 U. maritimus  u 54.75 80.75 0 
BM(NH) 46.12.29.211g U. maritimus  u 5.75 58.75 0 
JM 16.287 U. spelaeus ingressus u 47.25 15.25 495 
JM 16.294 U. spelaeus ingressus u 47.25 15.25 495 
UWIEN cu501.1 U. spelaeus ladinicus u 46.75 11.75 2800 
UWIEN cu863 U. spelaeus ladinicus u 46.75 11.75 2800 
UWIEN GS26-188 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS26-189 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS29-1* U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS33-15* U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS45-7 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS46-2 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS150-2 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS150-4* U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS187-1 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS512-1 U. spelaeus ingressus u 47.75 14.25 1300 
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UWIEN GS512-2 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS513 U. spelaeus ingressus u 47.75 14.25 1300 
UWIEN GS718 U. spelaeus ingressus u 47.75 14.25 1300 
NMW HL1 U. spelaeus ingressus u 47.75 14.75 1230 
JM 75.751 U. spelaeus  u 47.25 15.25 419 
JM 736 U. spelaeus  u 47.25 15.25 419 
JM 739 U. spelaeus  u 47.25 15.25 419 
NMW MS27 U. spelaeus ingressus u 47.75 16.25 441 
NMW MS34* U. spelaeus ingressus u 47.75 16.25 441 
NMW MS39 U. spelaeus ingressus u 47.75 16.25 441 
NMW MS45* U. spelaeus ingressus u 47.75 16.25 441 
NMW MS47 U. spelaeus ingressus u 47.75 16.25 441 
NMW MS53 U. spelaeus ingressus u 47.75 16.25 441 
UWIEN A1 U. spelaeus ingressus u 47.25 15.25 949 
UWIEN A16 U. spelaeus ingressus u 47.25 15.25 949 
UWIEN RK336 U. spelaeus eremus u 47.75 14.25 1960 
UWIEN RK338 U. spelaeus eremus u 47.75 14.25 1960 
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UWIEN RK410 U. spelaeus eremus u 47.75 14.25 1960 
JM 57.495 U. spelaeus deningeroides u 47.25 15.75 525 
NMW SL3 U. spelaeus  u 47.25 13.75 1980 
UWIEN SW18Md.1 U. spelaeus eremus u 47.75 14.75 959 
UWIEN SW364Md.1 U. spelaeus eremus u 47.75 14.75 959 
UWIEN SW471 U. spelaeus eremus u 47.75 14.75 959 
UWIEN SW603 U. spelaeus eremus u 47.75 14.75 959 
UWIEN SW1188 U. spelaeus eremus u 47.75 14.75 959 
HdN H2147 U. spelaeus  u 47.75 13.25 810 
HdN H4501 U. spelaeus  u 47.75 13.25 810 
HdN H4508 U. spelaeus  u 47.75 13.25 810 
HdN H4509 U. spelaeus  u 47.75 13.25 810 
HdN H4510 U. spelaeus  u 47.75 13.25 810 
HdN H4511 U. spelaeus  u 47.75 13.25 810 
HdN H4512* U. spelaeus  u 47.75 13.25 810 
HdN H4540 U. spelaeus  u 47.75 13.25 810 
HdN H4543 U. spelaeus  u 47.75 13.25 810 
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HdN H4583 U. spelaeus  u 47.75 13.25 810 
HdN H4601 U. spelaeus  u 47.75 13.25 810 
HdN H4605 U. spelaeus  u 47.75 13.25 810 
HdN H4636 U. spelaeus  u 47.75 13.25 810 
HdN H4641 U. spelaeus  u 47.75 13.25 810 
HdN H4642* U. spelaeus  u 47.75 13.25 810 
HdN H4643* U. spelaeus  u 47.75 13.25 810 
HdN H4645* U. spelaeus  u 47.75 13.25 810 
ULg 9060 U. spelaeus  u 50.75 5.25 175 
ULg 9022 U. spelaeus  u 4.75 50.25 200 
ULg 9028 U. spelaeus  u 4.75 50.25 200 
ULg 9045 U. spelaeus  u 4.75 50.25 200 
ULg 9046 U. spelaeus  u 4.75 50.25 200 
ULg 15784 U. spelaeus  u 4.75 50.25 200 
ULg 15821 U. spelaeus  u 4.75 50.25 200 
ULg 16258 U. spelaeus  u 4.75 50.25 200 
NMP Ra3270 U. spelaeus  u 49.25 19.75 1000 
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NMW A5317 U. spelaeus  u 49.25 16.75 500 
NMW C1003  U. spelaeus  u 49.25 16.75 500 
NMP R1470 U. spelaeus  u 49.25 16.75 500 
NMP R1471 U. spelaeus  u 49.25 16.75 500 
NMP R1472 U. spelaeus  u 49.25 16.75 500 
MNCN 10051 U. spelaeus  u 42.75 1.75 650 
UT 16  U. spelaeus  u 48.25 9.25 805 
MNHU MB.Ma.5024 U. spelaeus spelaeus u 49.75 11.25 455 
MNHU MB.Ma.2281 U. spelaeus spelaeus u 49.75 11.25 455 
MLT 34156.100 U. spelaeus spelaeus u 48.25 10.25 485 
MLT 34156.110 U. spelaeus spelaeus u 48.25 10.25 485 
MLT 34156.121 U. spelaeus spelaeus u 48.25 10.25 485 
MLT 34151.597 U. spelaeus spelaeus u 48.25 10.25 485 
MLT 34156.138 U. spelaeus spelaeus u 48.25 10.25 485 
MNHU MB.Ma.11527 U. spelaeus  u 51.75 10.75 400 
MNHU MB.Ma.12960 U. spelaeus  u 51.75 10.75 400 
MLT 34151.597 U. spelaeus  u 48.75 9.25 760 
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MNHU MB.Ma.2311 U. spelaeus  u 51.25 7.75 260 
MNHU MB.Ma.3029 U. spelaeus  u 51.25 7.75 260 
MNHU MB.Ma.50659 U. spelaeus  u 51.25 7.75 260 
NMNH St.18444 U. spelaeus  u 51.25 7.75 260 
UWIEN Mj923 U. spelaeus ingressus u 48.75 20.25 905 
UWIEN KJ228 U. spelaeus ingressus u 45.75 14.25 534 
UWIEN KJ231  U. spelaeus ingressus u 45.75 14.25 534 
BM(NH) 30.3.1.2 U. thibetanus thibetanus f 78.25 30.25 900 
BM(NH) 30.5.21.1 U. thibetanus laniger f 74.25 26.25 2150 
BM(NH) 95.2.21.6 U. thibetanus ussuricus f 127.75 50.25 230 
BM(NH) 26.10.8.41 U. thibetanus  m 77.75 30.75 2750 
BM(NH) 27.2.7.4 U. thibetanus laniger m 75.75 34.25 3000 
BM(NH) 33.2.4.3 U. thibetanus  m 79.75 29.75 1500 
BM(NH) 95.2.21.5 U. thibetanus ussuricus m 127.75 50.25 230 
BM(NH) 26.10.8.42 U. thibetanus thibetanus u 77.75 30.75 2450 
BM(NH) 80.3.20.30 U. thibetanus japonicus u 135.75 34.75 40 
BM(NH) 219g U. thibetanus  u 94.75 35.25 1470 
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Table A-3: List of modern U. arctos specimens used in the analyses of the mandible with seven landmarks 
focusing on masseter functional morphology and their area and habitat. See Table A-2 for abbreviations. 
(Continued on the following pages.) 
ID habitat area 
BM(HM) 1010g                                                                                                                                                                                                                                                    Alpine Continental
BM(HM) 31.2.2.1                                                                                                                                                                                                                                              Alpine Continental 
BM(HM) 92.10.9.1                                                                                                                                                                                                                                             Alpine Continental
BM(HM) 32.12.15.1                                                                                                                                                                                                                                               Alpine   Continental
BM(HM) 88.2.20.16                                                                                                                                                                                                                                               Arctic   Pacific  
BM(HM) 88.2.20.18                                                                                                                                                                                                                                             Arctic   Pacific  
BM(HM) 19.7.7.3610                                                                                                                                                                                                                                           Arctic Pacific  
BM(HM) 88.2.20.15                                                                                                                                                                                                                                             Arctic   Pacific  
BM(HM) NMW41251                                                                                                                                                                                                                                                  Arctic Pacific
BM(HM) 42.81                                                                                                                                                                                                                                                   Broadleaf Continental
BM(HM) 87.5.5.3                                                                                                                                                                                                                                              Broadleaf Continental 
BM(HM) 32.5.6.1                                                                                                                                                                                                                                               Broadleaf Continental 
BM(HM) 56.9.22.21                                                                                                                                                                                                                                             Broadleaf Continental
BM(HM) 87.5.15.2                                                                                                                                                                                                                                               Broadleaf Continental
BM(HM) 31.6.1.1                                                                                                                                                                                                                                               Broadleaf European
MZUF 11883                                                                                                                                                                                                                                                  Broadleaf European
 491 
ID habitat area 
MZUF 11884                                                                                                                                                                                                                                                     Broadleaf European
MZUF 3584                                                                                                                                                                                                                                                  Broadleaf European 
MZUF 31.1.6.3                                                                                                                                                                                                                                               Coniferous Continental 
BM(HM) 29.5.24.1                                                                                                                                                                                                                                             Coniferous Continental
BM(HM) 1991.216f                                                                                                                                                                                                                                         Coniferous Continental
BM(HM) 19.7.7.3609                                                                                                                                                                                                                                         Coniferous Continental
BM(HM) 1991.217                                                                                                                                                                                                                                              Coniferous Continental 
NMW 7793                                                                                                                                                                                                                                               Coniferous Continental
BM(HM) 78.6.18.1                                                                                                                                                                                                                                              Coniferous Continental
ZMUO 7384                                                                                                                                                                                                                                                  Coniferous European 
BM(HM) 90.8.1.3                                                                                                                                                                                                                                                Coniferous European
BM(HM) 81-57                                                                                                                                                                                                                                                Coniferous European
ZMUO 129-58                                                                                                                                                                                                                                                  Coniferous European
ZMUO 348-49                                                                                                                                                                                                                                                  Coniferous European
ZMUO 11847                                                                                                                                                                                                                                                   Coniferous European
ZMUO 247                                                                                                                                                                                                                                                      Coniferous European
MZUF 7376                                                                                                                                                                                                                                                    Coniferous European 
MZUF Uar7377                                                                                                                                                                                                                                                      Coniferous European
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ID habitat area 
MZUF Uar7379                                                                                                                                                                                                                                                   Coniferous European
 
Table A-4: List of fossil Ursidae specimens used in the analyses of the mandible with seven landmarks focusing on 
masseter functional morphology and their area and locality. See Table A-2 for abbreviations. (Continued on the 
following pages.) 
ID species subspecies locality area 
NMW KL3 U. arctos fossilis Katerloch N.W.Europe 
PR our brun U. arctos fossilis Nutons N.W.Europe 
ULg 9039 U. arctos fossilis Belgium N.W.Europe 
KBIN 2555-2 U. arctos fossilis Belgium N.W.Europe 
TAU 456A U. deningeri  Tautavel S.W.Europe 
BM(NH) M6186b U. deningeri  Bacton N.W.Europe 
JM 16.287 U. spelaeus ingressus Badlhöhle Alps Europe 
JM 16.294 U. spelaeus ingressus Badlhöhle Alps Europe 
UWIEN cu501.1 U. spelaeus ladinicus Conturineshöhle Alps Europe 
UWIEN cu863 U. spelaeus ladinicus Conturineshöhle Alps Europe 
UWIEN GS26-188 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS26-189 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS29-1 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
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ID species subspecies locality area 
UWIEN GS33-15 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS45-7 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS46-2 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS150-2 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS150-4 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS187-1 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS512-1 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS512-2 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS513 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
UWIEN GS718 U. spelaeus ingressus Gamssulzenhöhle Alps Europe 
NMW HL1 U. spelaeus ingressus Hieflau Alps Europe 
JM 75.751 U. spelaeus  Lurgrotte Alps Europe 
JM 736 U. spelaeus  Lurgrotte Alps Europe 
JM 739 U. spelaeus  Lurgrotte Alps Europe 
NMW MS27 U. spelaeus  Merkensteinhöhle Alps Europe 
NMW MS34 U. spelaeus  Merkensteinhöhle Alps Europe 
NMW MS39 U. spelaeus  Merkensteinhöhle Alps Europe 
NMW MS45 U. spelaeus  Merkensteinhöhle Alps Europe 
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ID species subspecies locality area 
NMW MS47 U. spelaeus  Merkensteinhöhle Alps Europe 
NMW MS53 U. spelaeus  Merkensteinhöhle Alps Europe 
UWIEN A1 U. spelaeus ingressus Mixnitz Alps Europe 
UWIEN A16 U. spelaeus ingressus Mixnitz Alps Europe 
UWIEN RK336 U. spelaeus eremus Ramesch Alps Europe 
UWIEN RK338 U. spelaeus eremus Ramesch Alps Europe 
UWIEN RK410 U. spelaeus eremus Ramesch Alps Europe 
JM 57.495 U. spelaeus deningeroides Repolusthöhle Alps Europe 
NMW SL3 U. spelaeus  Schottloch Alps Europe 
UWIEN SW18Md.1 U. spelaeus eremus Schwabenreithhöhle Alps Europe 
UWIEN SW364Md.1 U. spelaeus eremus Schwabenreithhöhle Alps Europe 
UWIEN SW471 U. spelaeus eremus Schwabenreithhöhle Alps Europe 
UWIEN SW603 U. spelaeus eremus Schwabenreithhöhle Alps Europe 
UWIEN SW1188 U. spelaeus eremus Schwabenreithhöhle Alps Europe 
HdN H2147 U. spelaeus  Torrener Alps Europe 
HdN H4501 U. spelaeus  Torrener Alps Europe 
HdN H4508 U. spelaeus  Torrener Alps Europe 
HdN H4509 U. spelaeus  Torrener Alps Europe 
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ID species subspecies locality area 
HdN H4510 U. spelaeus  Torrener Alps Europe 
HdN H4511 U. spelaeus  Torrener Alps Europe 
HdN H4512 U. spelaeus  Torrener Alps Europe 
HdN H4540 U. spelaeus  Torrener Alps Europe 
HdN H4543 U. spelaeus  Torrener Alps Europe 
HdN H4583 U. spelaeus  Torrener Alps Europe 
HdN H4601 U. spelaeus  Torrener Alps Europe 
HdN H4605 U. spelaeus  Torrener Alps Europe 
HdN H4636 U. spelaeus  Torrener Alps Europe 
HdN H4641 U. spelaeus  Torrener Alps Europe 
HdN H4642 U. spelaeus  Torrener Alps Europe 
HdN H4643 U. spelaeus  Torrener Alps Europe 
HdN H4645 U. spelaeus  Torrener Alps Europe 
ULg 9060 U. spelaeus  Engioul N.W.Europe 
ULg 9022 U. spelaeus  Belgium N.W.Europe 
ULg 9028 U. spelaeus  Belgium N.W.Europe 
ULg 9045 U. spelaeus  Belgium N.W.Europe 
ULg 9046 U. spelaeus  Belgium N.W.Europe 
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ID species subspecies locality area 
ULg 15784 U. spelaeus  Belgium N.W.Europe 
ULg 15821 U. spelaeus  Belgium N.W.Europe 
ULg 16258 U. spelaeus  Belgium N.W.Europe 
NMP Ra3270 U. spelaeus  Demänovské N.E.Europe 
NMW A5317 U. spelaeus  Sloup N.E.Europe 
NMW C1003  U. spelaeus  Sloup N.E.Europe 
NMP R1470 U. spelaeus  Sloup N.E.Europe 
NMP R1471 U. spelaeus  Sloup N.E.Europe 
NMP R1472 U. spelaeus  Sloup N.E.Europe 
MNCN 10051 U. spelaeus  Herm S.W.Europe 
UT 16  U. spelaeus  Erpfingen C.Europe 
MNHU MB.Ma.5024 U. spelaeus spelaeus Gaylenreuth C.Europe 
MNHU MB.Ma.2281 U. spelaeus spelaeus Gaylenreuth C.Europe 
MLT 34156.100 U. spelaeus spelaeus Hohlenstein C.Europe 
MLT 34156.110 U. spelaeus spelaeus Hohlenstein C.Europe 
MLT 34156.121 U. spelaeus spelaeus Hohlenstein C.Europe 
MLT 34151.597 U. spelaeus spelaeus Hohlenstein C.Europe 
MLT 34156.138 U. spelaeus spelaeus Hohlenstein C.Europe 
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ID species subspecies locality area 
MNHU MB.Ma.11527 U. spelaeus  Rübeland N.W.Europe 
MNHU MB.Ma.12960 U. spelaeus  Rübeland N.W.Europe 
MLT 34151.597 U. spelaeus  Sibyllenhöhle C.Europe 
MNHU MB.Ma.2311 U. spelaeus  Sundwig N.W.Europe 
MNHU MB.Ma.3029 U. spelaeus  Sundwig N.W.Europe 
MNHU MB.Ma.50659 U. spelaeus  Sundwig N.W.Europe 
NMNH St.18444 U. spelaeus  Sundwig N.W.Europe 
UWIEN Mj923 U. spelaeus ingressus Medvedia N.E.Europe 
UWIEN KJ228 U. spelaeus ingressus Krizna S.E.Europe 










Mandibulae Temporalis Morphology 
 
Table A-5: List of specimens used in the analyses of the mandible with six landmarks focusing on temporalis 
functional morphology and their locality. U. arctos fossilis, U. deningeri and U. spelaeus are fossils. Longitude and 
latitude are given in degrees and altitude is given in meters above sea level. * indicates the subset of U. spelaeus. 
Abbreviations under ID: JM=Landesmuseum Joanneum, Graz, Austria; MZUF=Museum of Zoology and Natural 
History “La Specola”, Firenze, Italy; BM(NH)=Natural History Museum, London, UK; ZMUO=Natural History 
Museum, University of Oslo, Oslo, Norway; KBIN=Royal Belgian Institue of Natural Sciences; MLT=Staatliches 
Museum für Naturkunde Stuttgart, Museum am Löwentor, Stuttgart, Germany; UWIEN=Universität Wien, 
Vienna, Austria; ULg=Université de Liège, Liège, Belgium; HdN=Haus der Natur, Salzburg, Austria; MNCN=Museo 
Nacional de Ciencias Naturales, Madrid, Spain; MNHU=Museum für Naturkunde, Leibnitz-Institut für Evolutions- 
und Biodiversitätsforschung and der Humboldt Universtität, Berlin, Germany; NMW=Naturhistorisches Museum 
Wien, Vienna, Austria; NMP=Národní Museum Praha, Prague, Czech Republic; PR=Prehistosite Ramioul, Ramioul, 
Belgium; NCBN=Nederlands Centrum voor Biodiversiteit Naturalis, Leiden, the Netherlands; UT=Universität 
Tübingen, Tübingen, Germany. Abbreviations under sex: f=female; m=male; u=unsexed. (Continued on the 
following pages.) 







BM(NH) 39.3808 A. melanoleuca  103.75 32.25 2000 
BM(NH) 9.7.21.3 A. melanoleuca  103.75 32.25 2000 
BM(NH) 55.587 A. melanoleuca  103.75 32.25 2000 
BM(NH) 55.591 A. melanoleuca  103.75 32.25 2000 
BM(NH) 96.8.20.1 A. melanoleuca  103.75 32.25 2000 
BM(NH) 15.12.1.9 H. malayanus  98.75 14.25 150 
BM(NH) 1938.11.30.70 H. malayanus malayanus 97.75 4.75 79 
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BM(NH) 1938.11.30.69 H. malayanus malayanus 97.75 4.75 79 
BM(NH) 55.734 H. malayanus euryspilus 112.75 2.75 600 
BM(NH) 22.5.22.1 M. ursinus  87.25 23.25 90 
BM(NH) 35.1.1.4 M. ursinus  76.75 11.25 600 
BM(NH) 36.1.22.1 M. ursinus inornatus 80.25 8.25 50 
BM(NH) 36.1.22.2 M. ursinus  80.75 7.75 25 
BM(NH) 20.10.27.5 M. ursinus ursinus 87.25 22.25 94 
BM(NH) 20.10.27.6 M. ursinus ursinus 87.25 22.25 94 
BM(NH) 24.10.5.12 M. ursinus ursinus 85.75 22.75 400 
BM(NH) 32.5.7.9 M. ursinus ursinus 80.75 22.25 594 
BM(NH) 36.1.22.4 M. ursinus  80.25 9.25 70 
BM(NH) 36.1.22.6 M. ursinus  81.25 6.25 600 
BM(NH) 31.1.10.8 M. ursinus ursinus 81.25 21.25 400 
BM(NH) 30.3.2.1 M. ursinus  85.25 26.25 35 
BM(NH) 32.8.14.1 M. ursinus  85.25 24.75 130 
BM(NH) 220h M. ursinus  76.25 23.75 600 
BM(NH) 24.10.5.14 M. ursinus ursinus 89.75 23.75 600 
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BM(NH) 29.6.1.18 M. ursinus ursinus 77.25 12.25 790 
BM(NH) 31.1.10.9 M. ursinus ursinus 77.25 21.25 400 
BM(NH) 20.10.27.8 M. ursinus ursinus 77.75 6.25 600 
BM(NH) 9.7.26.1 T. ornatus  -71.25 8.75 1630 
BM(NH) 27.11.1.71 T. ornatus  -76.25 -8.25 500 
BM(NH) 34.9.2.70 T. ornatus  -66.25 -17.25 2540 
BM(NH) 55.12.24.309 T. ornatus  -69.75 -0.25 1900 
BM(NH) 73.6.27.4 T. ornatus  -78.25 -12.75 200 
BM(NH) 73.6.27.5 T. ornatus  -69.75 -12.75 200 
BM(NH) 78.8.31.12 T. ornatus  -69.75 -0.25 1900 
BM(NH) 1939.3617 T. ornatus  -78.25 -12.75 1500 
NMW 8271 U. americanus  -151.25 63.25 500 
BM(NH) 61.1282 U. americanus  -142.75 60.75 25 
NMW 8269 U. americanus  -151.25 63.25 500 
NMW 8272 U. americanus  -149.75 62.75 230 
NMW 8274 U. americanus  -142.75 61.75 65 
BM(NH) 61.1286 U. americanus  -150.25 59.75 0 
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BM(NH) 61.1287 U. americanus  -150.75 61.75 70 
BM(NH) 2002.124 U. americanus  -74.75 43.25 400 
BM(NH) 42.79 U. americanus  -106.25 56.25 500 
BM(NH) 31.6.1.1 U. arctos syriacus 43.75 44.25 1200 
BM(NH) 87.12.22.1 U. arctos syriacus 41.25 43.75 2000 
BM(NH) 1010g U. arctos syriacus 39.25 34.75 500 
BM(NH) 31.2.2.1 U. arctos isabellinus 75.25 34.75 4000 
BM(NH) 32.12.15.1 U. arctos isabellinus 77.25 31.75 1200 
BM(NH) 42.81 U. arctos isabellinus 74.75 34.25 1800 
BM(NH) 87.5.5.3 U. arctos isabellinus 74.75 34.25 3000 
BM(NH) 92.10.9.1 U. arctos pruinosus 91.25 29.75 4000 
BM(NH) 31.1.6.1 U. arctos isabellinus 78.25 30.75 3260 
BM(NH) 32.5.6.1 U. arctos isabellinus 74.75 34.25 1800 
BM(NH) 32.7.6.8 U. arctos isabellinus 84.75 42.75 3000 
BM(NH) 56.9.22.21 U. arctos isabellinus 74.75 34.25 3000 
BM(NH) 87.5.15.2 U. arctos isabellinus 74.75 34.25 3000 
BM(NH) 29.5.24.1 U. arctos arctos 31.25 60.75 5 
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BM(NH) 88.2.20.16 U. arctos beringianus 159.75 56.75 500 
BM(NH) 88.2.20.18 U. arctos beringianus 159.75 56.75 500 
BM(NH) 90.8.1.3 U. arctos arctos 18.75 67.25 700 
BM(NH) 1991.216 U. arctos arctos 92.25 53.25 2350 
BM(NH) 19.7.7.3609 U. arctos arctos 31.25 60.75 5 
BM(NH) 19.7.7.3610 U. arctos beringianus 159.75 56.75 500 
BM(NH) 88.2.20.14 U. arctos beringianus 159.75 56.75 500 
BM(NH) 88.2.20.15 U. arctos beringianus 159.75 56.75 500 
BM(NH) 1991.217 U. arctos arctos 92.25 53.25 2350 
MZUF 11884 U. arctos marsicanus 13.75 42.25 2000 
ZMUO 81-57 U. arctos arctos 12.75 61.25 500 
ZMUO 129-58 U. arctos arctos 12.75 61.25 500 
ZMUO 348-49 U. arctos arctos 11.75 61.75 500 
ZMUO 3427 U. arctos arctos 12.75 61.25 700 
ZMUO 11847 U. arctos arctos 11.75 60.75 350 
MZUF 11883 U. arctos arctos 9.75 45.25 200 
ZMUO247 U. arctos arctos 11.75 60.25 203 
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MZUF 3584 U. arctos marsicanus 13.75 42.25 2000 
MZUF 7376 U. arctos arctos 9.25 60.25 800 
MZUF 7377 U. arctos arctos 9.25 60.25 800 
MZUF 7379 U. arctos arctos 9.25 60.25 800 
NMW 7793 U. arctos horribilis -133.25 61.75 800 
NMW 41251 U. arctos horribilis -159.75 63.75 300 
BM(NH) 4.9.18.2 U. arctos horribilis -154.25 63.75 300 
BM(NH) 78.6.18.1 U. arctos horribilis -133.25 61.75 800 
NCBN d U. arctos arctos 25.25 46.75 900 
ZMUO 7384 U. arctos arctos 9.25 60.25 800 
NMW KL3 U. arctos fossilis 0.25 47.25 480 
PR our brun U. arctos fossilis 15.75 50.75 90 
BM(NH) 21651 U. arctos fossilis 5.75 51.25 10 
BM(NH) M16448 U. deningeri  1.25 52.75 0 
ZMUO-370-65-62 U. maritimus  -21.75 58.75 0 
ZMUO-370-65-68 U. maritimus  -32.75 58.75 0 
BM(NH) 41.1.19.7 U. maritimus  -32.75 58.75 0 
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ZMUO-370-65-66 U. maritimus  -32.75 58.75 0 
BM(NH) 43.6.23.11 U. maritimus  -32.75 74.75 0 
BM(NH) 1937.5.6.1 U. maritimus  54.75 68.25 0 
BM(NH) 1937.5.6.3 U. maritimus  54.75 68.25 0 
BM(NH) 1937.5.6.4 U. maritimus  -95.75 68.25 0 
BM(NH) 1937.5.6.5 U. maritimus  5.75 68.25 0 
BM(NH) 1937.11.3.2 U. maritimus  5.75 73.25 0 
BM(NH) 29.7.24.3 U. maritimus  5.75 80.75 0 
BM(NH) 29.7.24.6 U. maritimus  5.75 80.75 0 
BM(NH) 46.12.29.211g U. maritimus  5.75 58.75 0 
JM 16.287 U. spelaeus ingressus 15.25 47.25 495 
JM 16.294 U. spelaeus ingressus 15.25 47.25 495 
UWIEN cu501.1* U. spelaeus ladinicus 4.75 46.75 2800 
UWIEN GS26-188 U. spelaeus ingressus 4.75 47.75 1300 
UWIEN GS26-189 U. spelaeus ingressus 4.75 47.75 1300 
UWIEN GS33-15 U. spelaeus ingressus 4.75 47.75 1300 
UWIEN GS45-7 U. spelaeus ingressus 4.75 47.75 1300 
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UWIEN GS46-2 U. spelaeus ingressus 10.25 47.75 1300 
UWIEN GS150-2 U. spelaeus ingressus 11.75 47.75 1300 
UWIEN GS150-4 U. spelaeus ingressus 19.75 47.75 1300 
UWIEN GS187-1 U. spelaeus ingressus 5.25 47.75 1300 
UWIEN GS512-1 U. spelaeus ingressus 9.25 47.75 1300 
UWIEN GS512-2 U. spelaeus ingressus 9.25 47.75 1300 
UWIEN GS513 U. spelaeus ingressus 14.25 47.75 1300 
UWIEN GS718 U. spelaeus ingressus 14.25 47.75 1300 
NMW HL1 U. spelaeus ingressus 14.25 47.75 1230 
JM 75.751 U. spelaeus  14.25 47.25 419 
JM 735 U. spelaeus  14.25 47.25 419 
JM 736 U. spelaeus  14.25 47.25 419 
JM 739* U. spelaeus  14.25 47.25 419 
NMW MS27 U. spelaeus  14.25 47.75 441 
NMW MS34* U. spelaeus  14.25 47.75 441 
NMW MS39 U. spelaeus  14.25 47.75 441 
NMW MS45 U. spelaeus  14.25 47.75 441 
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NMW MS53 U. spelaeus  14.25 47.75 441 
NMW MS56 U. spelaeus  5.25 47.75 441 
UWIEN 8 U. spelaeus ingressus 1.75 47.25 949 
UWIEN b* U. spelaeus ingressus 14.75 47.25 949 
UWIEN c U. spelaeus ingressus 10.25 47.25 949 
UWIEN l U. spelaeus ingressus 10.25 47.25 949 
UWIEN Lo U. spelaeus ingressus 10.25 47.25 949 
UWIEN A1 U. spelaeus ingressus 10.25 47.25 949 
UWIEN A9* U. spelaeus ingressus 10.25 47.25 949 
UWIEN A16* U. spelaeus ingressus 10.25 47.25 949 
UWIEN RK336 U. spelaeus eremus 14.25 47.75 1960 
UWIEN RK338 U. spelaeus eremus 14.25 47.75 1960 
UWIEN RK410 U. spelaeus eremus 15.25 47.75 1960 
JM 57.495* U. spelaeus  47.25 47.25 525 
JM 201.100 U. spelaeus  47.25 47.25 525 
NMW SL3 U. spelaeus  15.75 47.25 1980 
UWIEN SW18Md.1 U. spelaeus eremus 20.25 47.75 959 
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UWIEN SW364Md.1 U. spelaeus eremus 16.25 47.75 959 
UWIEN SW471 U. spelaeus eremus 16.25 47.75 959 
UWIEN SW603 U. spelaeus eremus 16.25 47.75 959 
UWIEN SW1188 U. spelaeus eremus 16.25 47.75 959 
UWIEN SW1962 U. spelaeus eremus 16.25 47.75 959 
HdN H4508 U. spelaeus  16.25 47.75 810 
HdN H4601 U. spelaeus  15.25 47.75 810 
ULg 9060* U. spelaeus  15.25 50.75 175 
KBIN 2705-2 U. spelaeus  15.25 50.25 130 
ULg 9022* U. spelaeus  15.25 50.25 200 
ULg 9028 U. spelaeus  15.25 50.25 200 
ULg 9045* U. spelaeus  15.25 50.25 200 
ULg 9046 U. spelaeus  15.25 50.25 200 
ULg 15821 U. spelaeus  15.25 50.25 200 
NMP Ra3270 U. spelaeus  14.25 49.25 1000 
NMW A5317 U. spelaeus  14.25 49.25 500 
NMW C1003  U. spelaeus  14.25 49.25 500 
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NMP R1470 U. spelaeus  15.75 49.25 500 
NMP R1471 U. spelaeus  15.75 49.25 500 
NMP R1472 U. spelaeus  10.75 49.25 500 
MNCN 10051 U. spelaeus  10.75 42.75 650 
MLT 9374 U. spelaeus  13.75 48.75 500 
UT 16  U. spelaeus  14.75 48.25 805 
UT 29* U. spelaeus  14.75 48.25 805 
MLT 34156.100 U. spelaeus spelaeus 14.75 48.25 485 
MLT 34156.104 U. spelaeus spelaeus 14.75 48.25 485 
MLT 34156.110 U. spelaeus spelaeus 14.75 48.25 485 
MLT 34156.121 U. spelaeus spelaeus 14.75 48.25 485 
MLT 34156.122 U. spelaeus spelaeus 9.25 48.25 485 
MLT 34156.138 U. spelaeus spelaeus 16.75 48.25 485 
MNHU MB.Ma.11527 U. spelaeus  16.75 51.75 400 
MNHU MB.Ma.12960 U. spelaeus  16.75 51.75 400 
MLT 34151.597* U. spelaeus  16.75 48.75 760 
MNHU MB.Ma.2311 U. spelaeus  16.75 51.25 260 
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MNHU MB.Ma.3029 U. spelaeus  7.75 51.25 260 
NMNH St.18444 U. spelaeus  7.75 51.25 260 
UWIEN Mj923 U. spelaeus ingressus 7.75 48.75 905 
UWIEN KJ228* U. spelaeus ingressus 13.25 45.75 534 
UWIEN KJ231  U. spelaeus ingressus 13.25 45.75 534 
BM(NH) 30.3.1.2 U. thibetanus thibetanus 13.25 30.25 900 
BM(NH) 30.5.21.1 U. thibetanus laniger 78.25 26.25 2150 
BM(NH) 95.2.21.6 U. thibetanus ussuricus 74.25 50.25 230 
BM(NH) 26.10.8.41 U. thibetanus  127.75 30.75 2750 
BM(NH) 27.2.7.4 U. thibetanus laniger 77.75 34.25 3000 
BM(NH) 33.2.4.3 U. thibetanus  75.75 29.75 1500 
BM(NH) 95.2.21.5 U. thibetanus ussuricus 79.75 50.25 230 
BM(NH) 26.10.8.42 U. thibetanus thibetanus 127.75 30.75 2450 
BM(NH) 80.3.20.30 U. thibetanus japonicus 77.75 34.75 40 
BM(NH) 219g U. thibetanus  135.75 35.25 1470 
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Table A-6: List of modern U. arctos specimens used in the analyses of the mandible with six landmarks focusing 
on temporalis functional morphology and their area and habitat. See Table A-5 for abbreviations. (Continued on 
the following pages.) 
ID habitat area 
BM(NH) 87.12.22.1 Broadleaf European 
BM(NH) 1010g Broadleaf Continental 
BM(NH) 31.2.2.1 Alpine Continental 
BM(NH) 32.12.15.1 Alpine Continental 
BM(NH) 42.81 Alpine European 
BM(NH) 87.5.5.3 Broadleaf Continental 
BM(NH) 92.10.9.1 Broadleaf Continental 
BM(NH) 31.1.6.1 Alpine Continental 
BM(NH) 32.5.6.1 Coniferous Continental 
BM(NH) 32.7.6.8 Broadleaf Continental 
BM(NH) 56.9.22.21 Alpine Continental 
BM(NH) 87.5.15.2 Broadleaf Continental 
BM(NH) 29.5.24.1 Broadleaf Continental 
BM(NH) 88.2.20.16 Coniferous Continental 
BM(NH) 88.2.20.18 Arctic Pacific 
BM(NH) 90.8.1.3 Arctic Pacific 
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ID habitat area 
BM(NH) 1991.216 Coniferous European 
BM(NH) 19.7.7.3609 Coniferous Continental 
BM(NH) 19.7.7.3610 Coniferous Continental 
BM(NH) 88.2.20.14 Arctic Pacific 
BM(NH) 88.2.20.15 Arctic Pacific 
BM(NH) 1991.217 Arctic Pacific 
MZUF 11884 Coniferous Continental 
ZMUO 81-57 Broadleaf European 
ZMUO 129-58 Coniferous European 
ZMUO 348-49 Coniferous European 
ZMUO 3427 Coniferous European 
ZMUO 11847 Coniferous European 
MZUF 11883 Coniferous European 
ZMUO247 Broadleaf European 
MZUF 3584 Coniferous European 
MZUF 7376 Broadleaf European 
MZUF 7377 Coniferous European 
MZUF 7379 Coniferous European 
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ID habitat area 
NMW 7793 Coniferous European 
NMW 41251 Coniferous Continental 
BM(NH) 4.9.18.2 Arctic Pacific 
BM(NH) 78.6.18.1 Arctic Continental 
NCBN d Coniferous Continental 
ZMUO 7384 Coniferous European 
 
Table A-7: List of fossil Ursidae specimens used in the analyses of the mandible with six landmarks focusing on 
the temporalis and their area and locality. See Table A-5 for abbreviations. (Continued on the following pages.) 
ID species subspecies locality area 
NMW KL3 U. arctos fossilis Katerloch N. W. Europe 
PR our brun U. arctos fossilis Nutons N. W. Europe 
BM(NH) 21651 U. arctos fossilis Grays N. W. Europe 
BM(NH) M16448 U. deningeri  Bacton N. W. Europe 
JM 16.287 U. spelaeus ingressus Badlhöhle European Alps 
JM 16.294 U. spelaeus ingressus Badlhöhle European Alps 
UWIEN cu501.1 U. spelaeus ladinicus Conturineshöhle European Alps 
UWIEN GS26-188 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS26-189 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS33-15 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS45-7 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS46-2 U. spelaeus ingressus Gamssulzenhöhle European Alps 
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ID species subspecies locality area 
UWIEN GS150-2 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS150-4 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS187-1 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS512-1 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS512-2 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS513 U. spelaeus ingressus Gamssulzenhöhle European Alps 
UWIEN GS718 U. spelaeus ingressus Gamssulzenhöhle European Alps 
NMW HL1 U. spelaeus ingressus Hieflau European Alps 
JM 75.751 U. spelaeus  Lurgrotte European Alps 
JM 735 U. spelaeus  Lurgrotte European Alps 
JM 736 U. spelaeus  Lurgrotte European Alps 
JM 739 U. spelaeus  Lurgrotte European Alps 
NMW MS27 U. spelaeus  Merkensteinhöhle European Alps 
NMW MS34 U. spelaeus  Merkensteinhöhle European Alps 
NMW MS39 U. spelaeus  Merkensteinhöhle European Alps 
NMW MS45 U. spelaeus  Merkensteinhöhle European Alps 
NMW MS53 U. spelaeus  Merkensteinhöhle European Alps 
NMW MS56 U. spelaeus  Merkensteinhöhle European Alps 
UWIEN 8 U. spelaeus ingressus Mixnitz European Alps 
UWIEN b U. spelaeus ingressus Mixnitz European Alps 
UWIEN c U. spelaeus ingressus Mixnitz European Alps 
UWIEN l U. spelaeus ingressus Mixnitz European Alps 
UWIEN Lo U. spelaeus ingressus Mixnitz European Alps 
UWIEN A1 U. spelaeus ingressus Mixnitz European Alps 
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ID species subspecies locality area 
UWIEN A9 U. spelaeus ingressus Mixnitz European Alps 
UWIEN A16 U. spelaeus ingressus Mixnitz European Alps 
UWIEN RK336 U. spelaeus eremus Ramesch European Alps 
UWIEN RK338 U. spelaeus eremus Ramesch European Alps 
UWIEN RK410 U. spelaeus eremus Ramesch European Alps 
JM 57.495 U. spelaeus  Repolusthöhle European Alps 
JM 201.100 U. spelaeus  Repolusthöhle European Alps 
NMW SL3 U. spelaeus  Schottloch European Alps 
UWIEN SW18Md.1 U. spelaeus eremus Schwabenreithhöhle European Alps 
UWIEN SW364Md.1 U. spelaeus eremus Schwabenreithhöhle European Alps 
UWIEN SW471 U. spelaeus eremus Schwabenreithhöhle European Alps 
UWIEN SW603 U. spelaeus eremus Schwabenreithhöhle European Alps 
UWIEN SW1188 U. spelaeus eremus Schwabenreithhöhle European Alps 
UWIEN SW1962 U. spelaeus eremus Schwabenreithhöhle European Alps 
HdN H4508 U. spelaeus  Torrener European Alps 
HdN H4601 U. spelaeus  Torrener European Alps 
ULg 9060 U. spelaeus  Engioul N. W. Europe 
KBIN 2705-2 U. spelaeus  Goyet N. W. Europe 
ULg 9022 U. spelaeus  Belgium N. W. Europe 
ULg 9028 U. spelaeus  Belgium N. W. Europe 
ULg 9045 U. spelaeus  Belgium N. W. Europe 
ULg 9046 U. spelaeus  Belgium N. W. Europe 
ULg 15821 U. spelaeus  Belgium N. W. Europe 
NMP Ra3270 U. spelaeus  Demänovské N. E. Europe 
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ID species subspecies locality area 
NMW A5317 U. spelaeus  Sloup N. E. Europe 
NMW C1003  U. spelaeus  Sloup N. E. Europe 
NMP R1470 U. spelaeus  Sloup N. E. Europe 
NMP R1471 U. spelaeus  Sloup N. E. Europe 
NMP R1472 U. spelaeus  Sloup N. E. Europe 
MNCN 10051 U. spelaeus  Herm S. W. Europe 
MLT 9374 U. spelaeus  Charlottenhöhle C. Europe 
UT 16  U. spelaeus  Erpfingen C. Europe 
UT 29 U. spelaeus  Erpfingen C. Europe 
MLT 34156.100 U. spelaeus spelaeus Hohlenstein C. Europe 
MLT 34156.104 U. spelaeus spelaeus Hohlenstein C. Europe 
MLT 34156.110 U. spelaeus spelaeus Hohlenstein C. Europe 
MLT 34156.121 U. spelaeus spelaeus Hohlenstein C. Europe 
MLT 34156.122 U. spelaeus spelaeus Hohlenstein C. Europe 
MLT 34156.138 U. spelaeus spelaeus Hohlenstein C. Europe 
MNHU MB.Ma.11527 U. spelaeus  Rübeland N. W. Europe 
MNHU MB.Ma.12960 U. spelaeus  Rübeland N. W. Europe 
MLT 34151.597 U. spelaeus  Sibyllenhöhle C. Europe 
MNHU MB.Ma.2311 U. spelaeus  Sundwig N. W. Europe 
MNHU MB.Ma.3029 U. spelaeus  Sundwig N. W. Europe 
NMNH St.18444 U. spelaeus  Sundwig N. W. Europe 
UWIEN Mj923 U. spelaeus ingressus Medvedia N. E. Europe 
UWIEN KJ228 U. spelaeus ingressus Krizne S. E. Europe 
UWIEN KJ231  U. spelaeus ingressus Krizne S. E. Europe 
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Crania General Shape 
 
Table A-8: List of specimens used in the analyses of the general shape of the crania with twelve landmarks and 
their locality. U. spelaeus specimens are fossils. Longitude and latitude are given in degrees and altitude is given 
in meters above sea level. Abbreviations under ID: MZUF=Museum of Zoology and Natural History “La Specola”, 
Firenze, Italy; BM(NH)=Natural History Museum, London, UK; ZMUO=Natural History Museum, University of Oslo, 
Oslo, Norway; UWIEN=Universität Wien, Vienna, Austria; NMW=Naturhistorisches Museum Wien, Vienna, 







BM(NH) 55.591 A.melanoleuca u  103.75 32.25 2000 
BM(NH) 96.8.20.1 A.melanoleuca u  103.75 32.25 2000 
BM(NH) 27.11.1.71 T.ornatus m  -76.25 -8.25 500 
BM(NH) 34.9.2.70 T.ornatus m  -66.25 -17.25 2540 
BM(NH) 78.8.31.12 T.ornatus u  -78.25 -0.25 1900 
NMW 8275 U.americanus f  -150.75 61.75 65 
NMW 8269 U.americanus f  -142.75 63.25 500 
NMW 63555 U.americanus u  -154.25 63.75 300 
NMW 64947 U.americanus u  -141.75 64.75 800 
BM(NH) 31.6.1.1 U.arctos f  43.75 44.25 1200 
BM(NH) 1010g U.arctos m  39.25 34.75 500 








BM(NH) 87.5.5.3 U.arctos f  74.75 34.25 3000 
BM(NH) 56.9.22.21 U.arctos m  74.75 34.25 3000 
BM(NH) 87.5.15.2 U.arctos m  74.75 34.25 3000 
BM(NH) 29.5.24.1 U.arctos f  31.25 60.75 5 
BM(NH) 88.2.20.18 U.arctos f  159.75 56.75 500 
BM(NH) 90.8.1.3 U.arctos f  18.75 67.25 700 
BM(NH) 19.7.7.3609 U.arctos m  31.25 60.75 5 
MZUF 11884 U.arctos f  13.75 42.25 2000 
ZMUO 129-58 U.arctos m  12.75 61.25 500 
ZMUO 3427 U.arctos m  12.75 61.25 700 
ZMUO 11847 U.arctos m  11.75 60.75 350 
MZUF 11883 U.arctos m  9.75 45.25 200 
MZUF 3514 U.arctos u  9.25 60.25 800 
NMW MS63 U.spelaeus u Merkensteinhöhle 16.25 47.75 441 
UWIEN 7 U.spelaeus u Mixnitz 15.25 47.25 949 
UWIEN 43 U.spelaeus u Mixnitz 15.25 47.25 949 








BM(NH) 30.3.1.2 U.spelaeus u Moravsky 16.669 49.415 500 
BM(NH) 30.5.21.1 U.spelaeus u Sloup 16.75 49.25 500 
NMW A5545 U.spelaeus u Sloup 16.75 49.25 500 
BM(NH) 30.5.21.1 U.thibetanus f  74.25 26.25 2150 
BM(NH) 31.9.21.2 U.thibetanus f  74.25 33.75 2440 
BM(NH) 95.2.21.6 U.thibetanus f  127.75 50.25 230 
BM(NH) 31.9.21.4 U.thibetanus m  74.25 33.75 2290 













Table A-9: List of U. spelaeus specimens used in the analyses of the cranium with six landmarks focusing on the 
lateral side and their locality. ULongitude and latitude are given in degrees and altitude is given in meters above 
sea level. Abbreviations under ID: BM(NH)=Natural History Museum, London, UK; KBIN=Royal Belgian Institue of 
Natural Sciences; MLT=Staatliches Museum für Naturkunde Stuttgart, Museum am Löwentor, Stuttgart, 
Germany; UWIEN=Universität Wien, Vienna, Austria; ULg=Université de Liège, Liège, Belgium; MNHU=Museum 
für Naturkunde, Leibnitz-Institut für Evolutions- und Biodiversitätsforschung and der Humboldt Universtität, 
Berlin, Germany; NMW=Naturhistorisches Museum Wien, Vienna, Austria; NMP=Národní Museum Praha, 
Prague, Czech Republic; NCBN=Nederlands Centrum voor Biodiversiteit Naturalis, Leiden, the Netherlands; 
UT=Universität Tübingen, Tübingen, Germany; MMAI=Anthropos Institute, Moravian Museum, Brno Czech 
Republic. Abbreviations under sex: f=female; m=male; u=unsexed. (Continued on the following pages.) 
ID subspecies locality longitude latitude altitude 
NMW MS63 ingressus Merkensteinhöhle 16.133 47.983 411 
UWIEN 10 ingressus Mixnitz 15.38194 47.32583 949 
UWIEN 15 ingressus Mixnitz 15.38194 47.32583 949 
UWIEN 31 B411 ingressus Mixnitz 15.38194 47.32583 949 
UWIEN 44 ingressus Mixnitz 15.38194 47.32583 949 
UWIEN 3000-3-5 ingressus Mixnitz 15.38194 47.32583 949 
NMW A5334  Schottloch 13.767 47.46083 1980 
UWIEN SW512 eremus Schwabenreithhöhle 14.97722 47.8425 959 
UWIEN SW651 eremus Schwabenreithhöhle 14.97722 47.8425 959 
NMW UN1  Austria 15 48 -9999 
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ID subspecies locality longitude latitude altitude 
ULg 9081  Engihoul 5.4111 50.5746 -9999 
ULg 9464  Engihoul 5.4111 50.5746 -9999 
ULg 11551  Engihoul 5.4111 50.5746 -9999 
KBIN 2169  Goyet 5.01549 50.44484 150 
MMAI OK4  Moravský 16.7 49.4 -9999 
MMAI OK6  Moravský 16.7 49.4 -9999 
MMAI OK9  Moravský 16.7 49.4 -9999 
NMP 745  Sloup 16.669 49.415 500 
NMW 5325  Sloup 16.669 49.415 500 
NMW 5545  Sloup 16.669 49.415 500 
NMW D4201  Sloup 16.669 49.415 500 
NMP R1464  Sloup 16.669 49.415 500 
UT 111  Erpfingen 9.216553 48.37164 805 
MLT b spelaeus Hohlenstein 10.17243 48.54933 534 
MLT cu spelaeus Hohlenstein 10.17243 48.54933 534 
MNHU MB.Ma.1980  Sundwig 7.8 51.4 -9999 
BM (HN) M13385  Pocala 13.675 45.75 85 
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Appendix B Regression Slopes and Intercepts 
 
Extant Ursidae Mandibulae with 15 Landmarks 
 
Table B-1: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 1 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.024 0.112 -0.265 0.218 
LCS 0.077 0.020 0.033 0.120 
U. arctos (Constant) 0.582 0.107 0.361 0.803 
LCS -0.034 0.019 -0.074 0.005 
U. thibetanus (Constant) 0.519 0.115 0.253 0.785 
LCS -0.025 0.021 -0.074 0.024 
 
Table B-2: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 4 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 1.227 0.218 0.620 1.834 
LCS -0.191 0.042 -0.307 -0.075 
U. arctos (Constant) 0.178 0.144 -0.117 0.473 
LCS 0.013 0.026 -0.04 0.066 
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Table B-3: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 7  onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 1.182 0.253 0.479 1.885 
LCS -0.179 0.048 -0.313 -0.045 
M. ursinus (Constant) 0.072 0.116 -0.179 0.323 
LCS 0.032 0.021 -0.014 0.077 
T. ornatus (Constant) 1.094 0.145 0.634 1.554 
LCS -0.160 0.028 -0.248 -0.073 
 
Table B-4: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 10 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) -1.106 0.177 -1.515 -0.697 
LCS 0.181 0.033 0.105 0.257 
U. arctos (Constant) -0.204 0.166 -0.545 0.138 




Table B-5: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 11 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.862 0.265 -1.434 -0.29 
LCS 0.154 0.048 0.050 0.257 
U. americanus (Constant) 0.302 0.17 -0.090 0.693 
LCS -0.066 0.032 -0.139 0.007 
U. arctos (Constant) 0.146 0.129 -0.120 0.412 
LCS -0.033 0.023 -0.081 0.015 
U. thibetanus (Constant) 0.426 0.180 0.012 0.84 











Table B-6: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 12 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.856 0.268 -1.708 -0.004 
LCS 0.163 0.048 0.010 0.316 
H. malayanus (Constant) -0.365 0.161 -0.813 0.083 
LCS 0.078 0.031 -0.007 0.164 
M. ursinus (Constant) 0.448 0.131 0.165 0.731 
LCS -0.077 0.024 -0.128 -0.026 
U. thibetanus (Constant) -0.087 0.101 -0.319 0.145 










Table B-7: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 14 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.222 0.348 -2.33 -0.115 
LCS 0.199 0.063 0.000 0.398 
M. ursinus (Constant) 0.477 0.114 0.231 0.722 
LCS -0.104 0.021 -0.148 -0.060 
U. americanus (Constant) -0.199 0.167 -0.583 0.185 
LCS 0.018 0.031 -0.054 0.089 
U. arctos (Constant) -0.053 0.117 -0.293 0.187 
LCS -0.008 0.021 -0.051 0.035 
U. thibetanus (Constant) -0.197 0.154 -0.552 0.158 











Table B-8: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 28 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -1.91 0.306 -2.759 -1.06 
LCS 0.354 0.058 0.192 0.516 
M. ursinus (Constant) -0.115 0.201 -0.550 0.319 
LCS 0.018 0.036 -0.060 0.097 
U. arctos (Constant) -0.347 0.158 -0.671 -0.023 
LCS 0.057 0.028 -0.001 0.115 
U. thibetanus (Constant) -0.187 0.219 -0.692 0.318 










Table B-9: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 37 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.965 0.405 -2.089 0.160 
LCS 0.205 0.077 -0.009 0.420 
M. ursinus (Constant) 0.656 0.189 0.248 1.065 
LCS -0.102 0.034 -0.176 -0.029 
U. arctos (Constant) -0.031 0.146 -0.332 0.269 
LCS 0.026 0.026 -0.028 0.080 
U. thibetanus (Constant) 0.504 0.144 0.172 0.837 
LCS -0.070 0.027 -0.131 -0.009 
 
Table B-10: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 40 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.812 0.154 0.384 1.239 
LCS -0.131 0.029 -0.212 -0.049 
U. maritimus (Constant) 0.128 0.093 -0.083 0.340 
LCS -0.006 0.017 -0.043 0.032 
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Table B-11: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 45 onto log centroid size pooled per species for the extant Ursidae. The highlighted 95% 
confidence intervals of the slopes and the intercepts of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.135 0.093 -0.335 0.065 
LCS 0.032 0.017 -0.004 0.068 
T. ornatus (Constant) -0.371 0.010 -0.404 -0.339 
LCS 0.074 0.002 0.068 0.080 
U. americanus (Constant) -0.085 0.108 -0.334 0.164 
LCS 0.019 0.020 -0.027 0.066 
U. arctos (Constant) -0.019 0.057 -0.135 0.097 
LCS 0.007 0.010 -0.014 0.028 
U. maritimus (Constant) -0.044 0.089 -0.246 0.158 
LCS 0.013 0.016 -0.023 0.049 
U. thibetanus (Constant) -0.005 0.046 -0.110 0.100 









All Ursidae Mandibulae with 15 Landmarks 
 
Table B-12: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 1 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression of M. ursinus do not overlap with 
U. arctos and U. maritimus. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.024 0.112 -0.266 0.218 
LCS 0.077 0.020 0.033 0.121 
U. arctos (Constant) 0.550 0.107 0.331 0.769 
LCS -0.028 0.019 -0.068 0.011 
U. maritimus (Constant) 0.465 0.221 -0.036 0.965 
LCS -0.012 0.039 -0.101 0.077 
 
Table B-13: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 4 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap for 
U. arctos and H. malayanus. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 1.230 0.219 0.623 1.837 
LCS -0.192 0.042 -0.307 -0.076 
U. arctos (Constant) 0.179 0.138 -0.104 0.461 
LCS 0.013 0.025 -0.038 0.063 
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Table B-14: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 7 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 1.184 0.254 0.477 1.89 
LCS -0.180 0.049 -0.314 -0.045 
M. ursinus (Constant) 0.072 0.116 -0.179 0.323 
LCS 0.032 0.021 -0.014 0.077 
T. ornatus (Constant) 1.097 0.144 0.638 1.557 
LCS -0.161 0.027 -0.248 -0.073 
 
Table B-15: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap for 
U. arctos and U. americanus. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) -1.105 0.177 -1.514 -0.696 
LCS 0.181 0.033 0.105 0.257 
U. arctos (Constant) -0.189 0.160 -0.517 0.138 







Table B-16: 95% confidence intervals of the regression coefficients of the regression of the Procrustes coordinate 
11 onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.861 0.265 -1.433 -0.290 
LCS 0.154 0.048 0.050 0.257 
U. americanus (Constant) 0.302 0.170 -0.090 0.693 
LCS -0.066 0.032 -0.139 0.007 
U. arctos (Constant) 0.086 0.134 -0.190 0.361 
LCS -0.022 0.024 -0.071 0.027 
U. spelaeus (Constant) 0.817 0.287 0.186 1.449 
LCS -0.145 0.048 -0.252 -0.038 
U.thibetanus (Constant) 0.426 0.180 0.012 0.840 














Table B-17: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 12 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.857 0.268 -1.710 -0.005 
LCS 0.163 0.048 0.010 0.316 
H. malayanus (Constant) -0.365 0.162 -0.813 0.084 
LCS 0.078 0.031 -0.007 0.164 
M. ursinus (Constant) 0.447 0.131 0.165 0.729 
LCS -0.076 0.024 -0.127 -0.025 
U. arctos (Constant) 0.025 0.065 -0.107 0.158 
LCS 0.001 0.012 -0.023 0.025 
U.thibetanus (Constant) -0.086 0.100 -0.318 0.145 














Table B-18: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 14 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.227 0.347 -2.332 -0.122 
LCS 0.200 0.062 0.002 0.399 
M. ursinus (Constant) 0.479 0.114 0.233 0.725 
LCS -0.104 0.021 -0.149 -0.060 
U. americanus (Constant) -0.200 0.167 -0.584 0.184 
LCS 0.018 0.031 -0.053 0.090 
U. arctos (Constant) -0.033 0.114 -0.266 0.200 
LCS -0.012 0.020 -0.054 0.030 
U.thibetanus (Constant) -0.197 0.153 -0.550 0.155 
LCS 0.018 0.028 -0.047 0.082 
 
Table B-19: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 15 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.229 0.118 -0.485 0.027 
LCS 0.040 0.021 -0.006 0.086 
U. arctos (Constant) -0.190 0.099 -0.394 0.013 
LCS 0.032 0.018 -0.004 0.069 
U. maritimus (Constant) 0.341 0.131 0.045 0.637 
LCS -0.062 0.023 -0.115 -0.009 
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Table B-20: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 28 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -1.907 0.306 -2.756 -1.058 
LCS 0.354 0.058 0.192 0.516 
M. ursinus (Constant) -0.116 0.201 -0.550 0.318 
LCS 0.019 0.036 -0.060 0.097 
U. arctos (Constant) -0.303 0.156 -0.622 0.016 
LCS 0.049 0.028 -0.008 0.106 
U. spelaeus (Constant) -0.365 0.137 -0.667 -0.064 
LCS 0.060 0.023 0.009 0.111 
U.thibetanus (Constant) -0.187 0.219 -0.691 0.317 









Table B-21: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 37 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.962 0.405 -2.086 0.162 
LCS 0.205 0.077 -0.010 0.419 
M. ursinus (Constant) 0.655 0.189 0.247 1.063 
LCS -0.102 0.034 -0.176 -0.028 
U. arctos (Constant) -0.024 0.140 -0.312 0.264 
LCS 0.025 0.025 -0.027 0.077 
U.thibetanus (Constant) 0.504 0.144 0.172 0.836 
LCS -0.070 0.026 -0.131 -0.009 
 
Table B-22: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 40 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap for 
H. malayanus and U. maritimus. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.811 0.154 0.384 1.239 
LCS -0.131 0.029 -0.212 -0.049 
U. maritimus (Constant) 0.128 0.094 -0.083 0.340 




Table B-23: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 45 
onto log centroid size pooled per species for all Ursidae. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.136 0.092 -0.336 0.063 
LCS 0.032 0.017 -0.004 0.068 
T. ornatus (Constant) -0.371 0.009 -0.399 -0.342 
LCS 0.074 0.002 0.068 0.079 
U. americanus (Constant) -0.086 0.108 -0.335 0.164 
LCS 0.020 0.020 -0.027 0.066 
U. arctos (Constant) -0.017 0.054 -0.128 0.094 
LCS 0.007 0.010 -0.013 0.027 
U. maritimus (Constant) -0.045 0.089 -0.246 0.157 
LCS 0.013 0.016 -0.023 0.049 
U.thibetanus (Constant) -0.005 0.045 -0.110 0.100 









Extant Ursidae Mandibulae with Seven Landmarks focusing on the Masseter 
 
Table B-24: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 2 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.185 0.092 -0.371 0.002 
LCS 0.034 0.017 -0.001 0.069 
U. maritimus (Constant) 0.288 0.098 0.072 0.504 














Table B-25: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 5 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -1.041 0.317 -1.726 -0.356 
LCS 0.193 0.060 0.063 0.323 
T. ornatus (Constant) 0.183 0.188 -0.300 0.665 
LCS -0.058 0.037 -0.155 0.038 
U. americanus (Constant) 0.552 0.314 -0.173 1.277 
LCS -0.120 0.062 -0.262 0.022 
U. arctos (Constant) 0.266 0.171 -0.081 0.613 
LCS -0.057 0.032 -0.123 0.008 
U. thibetanus (Constant) 0.614 0.172 0.217 1.010 










Table B-26: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 6 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.227 0.091 -0.424 -0.030 
LCS 0.039 0.017 0.002 0.077 
T. ornatus (Constant) 0.327 0.085 0.109 0.546 
LCS -0.074 0.017 -0.117 -0.030 
U. arctos (Constant) -0.233 0.086 -0.408 -0.059 
LCS 0.039 0.016 0.006 0.072 
 
Table B-27: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 8 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.269 0.137 -0.548 0.010 
LCS 0.034 0.026 -0.019 0.086 
U. maritimus (Constant) 0.374 0.166 0.009 0.740 




Table B-28: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 9 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
T. ornatus (Constant) -0.175 0.074 -0.365 0.015 
LCS 0.039 0.015 0.001 0.077 
U. arctos (Constant) 0.252 0.068 0.115 0.390 
LCS -0.044 0.013 -0.070 -0.018 
 
Table B-29: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 11 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) 0.480 0.257 -0.076 1.035 
LCS -0.076 0.049 -0.182 0.029 
U. americanus (Constant) -0.681 0.235 -1.222 -0.139 







Table B-30: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 14 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.826 0.250 -1.622 -0.029 
LCS 0.183 0.051 0.022 0.345 
U. arctos (Constant) 0.169 0.117 -0.069 0.407 
LCS -0.026 0.022 -0.071 0.019 
 
Table B-31: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 15 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) 0.169 0.115 -0.079 0.416 
LCS -0.031 0.022 -0.078 0.016 
U. thibetanus (Constant) -0.298 0.102 -0.533 -0.063 







All Ursidae Mandibulae with Seven Landmarks focusing on the Masseter 
 
Table B-32: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 1 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.404 0.098 -0.617 -0.191 
LCS -0.032 0.019 -0.073 0.008 
U. deningeri (Constant) -0.638 0.000 -0.638 -0.638 
LCS 0.014 0.000 0.014 0.014 
 
Table B-33: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 2 onto log centroid size pooled per species for all Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.098 0.081 -0.262 0.066 
LCS 0.018 0.015 -0.013 0.049 
U. deningeri (Constant) 0.279 0.000 0.279 0.279 
LCS -0.053 0.000 -0.053 -0.053 
U. maritimus (Constant) 0.287 0.098 0.070 0.503 
LCS -0.057 0.018 -0.098 -0.017 
U. spelaeus (Constant) -0.049 0.072 -0.192 0.094 
LCS 0.008 0.013 -0.018 0.033 
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Table B-34: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 3 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.004 0.148 -0.475 0.468 
LCS 0.004 0.030 -0.091 0.100 
M. ursinus (Constant) 0.046 0.102 -0.175 0.267 
LCS -0.004 0.019 -0.046 0.038 
T. ornatus (Constant) -0.078 0.106 -0.350 0.193 
LCS 0.023 0.021 -0.032 0.077 
U. americanus (Constant) 0.170 0.232 -0.365 0.704 
LCS -0.031 0.045 -0.136 0.074 
U. arctos (Constant) 0.129 0.070 -0.013 0.272 
LCS -0.020 0.013 -0.047 0.006 
U. deningeri (Constant) 0.879 0.000 0.879 0.879 
LCS -0.153 0.000 -0.153 -0.153 
U. maritimus (Constant) 0.074 0.071 -0.082 0.229 
LCS -0.009 0.013 -0.038 0.020 
U. spelaeus (Constant) 0.129 0.050 0.029 0.228 
LCS -0.018 0.009 -0.036 -0.001 
U. thibetanus (Constant) 0.159 0.050 0.045 0.274 
LCS -0.028 0.010 -0.050 -0.006 
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Table B-35: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 4 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) 0.408 0.141 0.123 0.693 
LCS -0.048 0.026 -0.102 0.005 
U. deningeri (Constant) 0.889 0.000 0.889 0.889 
LCS -0.131 0.000 -0.131 -0.131 
U. spelaeus (Constant) 0.549 0.090 0.370 0.728 















Table B-36: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 5 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -1.021 0.315 -1.702 -0.340 
LCS 0.189 0.060 0.060 0.319 
T. ornatus (Constant) 0.149 0.193 -0.348 0.646 
LCS -0.051 0.039 -0.150 0.048 
U. americanus (Constant) 0.568 0.313 -0.153 1.289 
LCS -0.123 0.061 -0.265   
U. arctos (Constant) 0.094 0.145 -0.200 0.388 
LCS -0.025 0.027 -0.080 0.031 
U. deningeri (Constant) -0.673 0.000 -0.673 -0.673 
LCS 0.115 0.000 0.115 0.115 
U. spelaeus (Constant) 0.300 0.104 0.094 0.505 
LCS -0.061 0.018 -0.097 -0.025 
U. thibetanus (Constant) 0.599 0.173 0.199 0.998 





Table B-37: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 6 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.283 0.091 -0.479 -0.087 
LCS 0.050 0.017 0.013 0.087 
T. ornatus (Constant) 0.362 0.080 0.157 0.567 
LCS -0.082 0.016 -0.123 -0.041 
U. deningeri (Constant) -0.139 0.000 -0.139 -0.139 















Table B-38: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 7 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) 0.050 0.299 -0.595 0.695 
LCS 0.083 0.057 -0.040 0.205 
T. ornatus (Constant) 0.221 0.191 -0.270 0.711 
LCS 0.045 0.038 -0.053 0.143 
U. americanus (Constant) 0.581 0.365 -0.259 1.422 
LCS -0.025 0.072 -0.190 0.140 
U. arctos (Constant) 0.244 0.151 -0.060 0.549 
LCS 0.039 0.028 -0.018 0.096 
U. deningeri (Constant) -0.624 0.000 -0.624 -0.624 
LCS 0.193 0.000 0.193 0.193 
U. maritimus (Constant) 0.718 0.332 -0.013 1.450 
LCS -0.046 0.062 -0.182 0.090 
U. spelaeus (Constant) 0.086 0.082 -0.077 0.249 






Table B-39: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 8 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.138 0.115 -0.371 0.096 
LCS 0.009 0.022 -0.035 0.052 
U. deningeri (Constant) 0.192 0.000 0.192 0.192 
LCS -0.055 0.000 -0.055 -0.055 
U. spelaeus (Constant) -0.133 0.082 -0.296 0.029 
LCS 0.005 0.014 -0.023 0.034 
U. thibetanus (Constant) -0.351 0.175 -0.754 0.053 












Table B-40: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 9 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
T. ornatus (Constant) -0.174 0.082 -0.385 0.037 
LCS 0.038 0.016 -0.005 0.080 
U. arctos (Constant) 0.141 0.066 0.008 0.274 
LCS -0.024 0.012 -0.049 0.001 
U. deningeri (Constant) -0.158 0.000 -0.158 -0.158 
LCS 0.032 0.000 0.032 0.032 
U. maritimus (Constant) 0.105 0.089 -0.090 0.300 
LCS -0.017 0.017 -0.053 0.019 
U. spelaeus (Constant) 0.213 0.052 0.110 0.316 
LCS -0.034 0.009 -0.052 -0.160 
U. thibetanus (Constant) 0.108 0.098 -0.117 0.333 












Table B-41: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 10 onto log centroid size pooled per species for all Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.324 0.708 -2.577 1.928 
LCS 0.142 0.134 -0.284 0.568 
H. malayanus (Constant) -0.374 0.452 -1.811 1.063 
LCS 0.173 0.091 -0.118 0.464 
M. ursinus (Constant) 0.577 0.162 0.227 0.927 
LCS -0.020 0.031 -0.087 0.046 
T. ornatus (Constant) 0.420 0.247 -0.215 1.055 
LCS -0.003 0.049 -0.130 0.124 
U. americanus (Constant) -0.294 0.326 -1.045 0.457 
LCS 0.146 0.064 -0.001 0.294 
U. arctos (Constant) 0.247 0.108 0.028 0.467 
LCS 0.038 0.020 -0.003 0.079 
U. deningeri (Constant) 1.079 0.000 1.079 1.079 
LCS -0.114 0.000 -0.114 -0.114 
U. maritimus (Constant) -0.164 0.262 -0.742 0.413 
LCS 0.119 0.049 0.012 0.227 
U. spelaeus (Constant) 0.253 0.079 0.096 0.411 
LCS 0.036 0.014 0.008 0.064 
U. thibetanus (Constant) 0.207 0.267 -0.408 0.822 
LCS 0.048 0.052 -0.071 0.167 
 551 
Table B-42: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 11 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) 0.473 0.255 -0.078 1.023 
LCS -0.075 0.048 -0.179 0.029 
U. americanus (Constant) -0.690 0.237 -1.235 -0.144 
LCS 0.155 0.046 0.048 0.262 
U. arctos (Constant) 0.033 0.079 -0.128 0.193 
LCS 0.012 0.015 -0.018 0.042 
U. deningeri (Constant) 0.275 0.000 0.275 0.275 
LCS -0.029 0.000 -0.029 -0.029 
U. spelaeus (Constant) 0.069 0.070 -0.071 0.208 













Table B-43: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 12 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.124 0.113 -0.483 0.235 
LCS 0.025 0.023 -0.048 0.097 
M. ursinus (Constant) 0.142 0.084 -0.039 0.323 
LCS -0.026 0.016 -0.060 0.008 
T. ornatus (Constant) -0.038 0.084 -0.254 0.178 
LCS 0.009 0.017 -0.034 0.052 
U. americanus (Constant) 0.096 0.090 -0.112 0.304 
LCS -0.019 0.018 -0.060 0.022 
U. arctos (Constant) 0.037 0.059 -0.083 0.157 
LCS -0.008 0.011 -0.030 0.015 
U. deningeri (Constant) 0.354 0.000 0.354 0.354 
LCS -0.066 0.000 -0.066 -0.066 
U. maritimus (Constant) 0.122 0.088 -0.071 0.315 
LCS -0.023 0.016 -0.059 0.013 
U. spelaeus (Constant) 0.004 0.037 -0.069 0.078 
LCS -0.002 0.007 -0.015 0.011 
U. thibetanus (Constant) 0.049 0.064 -0.099 0.197 
LCS -0.011 0.012 -0.039 0.018 
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Table B-44: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 13 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.915 0.396 0.003 1.828 
LCS -0.157 0.078 -0.336 0.022 
U. arctos (Constant) 0.526 0.137 0.249 0.803 
LCS -0.078 0.026 -0.130 -0.026 
U. deningeri (Constant) -0.097 0.000 -0.097 -0.097 
LCS 0.036 0.000 0.036 0.036 
U. maritimus (Constant) 0.710 0.260 0.137 1.283 
LCS -0.117 0.049 -0.224 -0.010 
U. spelaeus (Constant) 0.697 0.100 0.498 0.896 
LCS -0.104 0.018 -0.139 -0.069 
U. thibetanus (Constant) 0.860 0.243 0.300 1.420 








Table B-45: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 14 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.834 0.245 -1.615 -0.053 
LCS 0.185 0.050 0.026 0.343 
U. deningeri (Constant) 0.191 0.000 0.191 0.191 
LCS -0.028 0.000 -0.028 -0.028 
U. spelaeus (Constant) -0.074 0.078 -0.228 0.080 
LCS 0.017 0.014 -0.010 0.045 
 
Table B-46: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 15 onto log centroid size pooled per species for all Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.136 0.087 -0.143 0.414 
LCS -0.019 0.018 -0.075 0.037 
M. ursinus (Constant) 0.178 0.115 -0.072 0.427 
LCS -0.032 0.022 -0.079 0.015 
U. deningeri (Constant) -0.204 0.000 -0.204 -0.204 
LCS 0.042 0.000 0.042 0.042 
U. thibetanus (Constant) -0.309 0.103 -0.546 -0.073 
LCS 0.066 0.020 0.020 0.112 
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Table B-47: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 16 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.929 0.252 -1.731 -0.127 
LCS 0.153 0.051 -0.009 0.316 
M. ursinus (Constant) -0.477 0.137 -0.772 -0.182 
LCS 0.065 0.026 0.009 0.121 
T. ornatus (Constant) -0.423 0.087 -0.646 -0.201 
LCS 0.044 0.017 0.000 0.089 
U. americanus (Constant) -0.862 0.196 -1.314 -0.411 
LCS 0.137 0.038 0.049 0.226 
U. deningeri (Constant) -0.126 0.000 -0.126 -0.126 










Table B-48: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 17 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.119 0.076 -0.284 0.046 
LCS 0.021 0.014 -0.011 0.052 
T. ornatus (Constant) -0.360 0.104 -0.626 -0.093 
LCS 0.075 0.021 0.022 0.128 
U. arctos (Constant) -0.043 0.070 -0.185 0.099 
LCS 0.008 0.013 -0.019 0.035 
U. deningeri (Constant) 0.155 0.000 0.155 0.155 
LCS -0.028 0.000 -0.028 -0.028 
U. maritimus (Constant) -0.325 0.137 -0.626 -0.023 
LCS 0.066 0.026 0.009 0.122 
U. spelaeus (Constant) -0.247 0.079 -0.404 -0.089 
LCS 0.043 0.014 0.016 0.071 
U. thibetanus (Constant) -0.233 0.121 -0.512 0.046 






Table B-49: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 18 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.044 0.077 -0.290 0.203 
LCS 0.006 0.016 -0.044 0.056 
M. ursinus (Constant) -0.087 0.104 -0.313 0.138 
LCS 0.016 0.020 -0.027 0.059 
T. ornatus (Constant) 0.033 0.092 -0.202 0.269 
LCS -0.010 0.018 -0.057 0.037 
U. arctos (Constant) -0.096 0.057 -0.213 0.020 
LCS 0.016 0.011 -0.006 0.038 
U. deningeri (Constant) 0.314 0.000 0.314 0.314 
LCS -0.056 0.000 -0.056 -0.056 
U. maritimus (Constant) -0.033 0.113 -0.282 0.215 
LCS 0.005 0.021 -0.042 0.051 
U. spelaeus (Constant) -0.123 0.055 -0.232 -0.015 
LCS 0.023 0.010 0.003 0.042 
U. thibetanus (Constant) -0.061 0.043 -0.160 0.039 




Table B-50: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 19 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.482 0.000 -0.482 -0.482 
LCS 0.007 0.000 0.007 0.007 
U. spelaeus (Constant) -0.686 0.066 -0.817 -0.554 


















Table B-51: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 20 onto log centroid size pooled per species for all Ursidae. The highlighted 95% confidence 
intervals of the slope and the intercept of the pooled within species regression do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) 0.153 0.175 -0.225 0.530 
LCS -0.032 0.033 -0.103 0.040 
T. ornatus (Constant) 0.111 0.106 -0.162 0.384 
LCS -0.018 0.021 -0.072 0.037 
U. americanus (Constant) 0.109 0.176 -0.297 0.516 
LCS -0.021 0.035 -0.100 0.059 
U. arctos (Constant) 0.082 0.066 -0.051 0.216 
LCS -0.014 0.012 -0.039 0.011 
U. deningeri (Constant) -0.418 0.000 -0.418 -0.418 
LCS 0.078 0.000 0.078 0.078 
U. maritimus (Constant) 0.155 0.115 -0.098 0.408 
LCS -0.030 0.021 -0.077 0.018 
U. spelaeus (Constant) 0.135 0.069 -0.002 0.273 
LCS -0.022 0.012 -0.046 0.003 
U. thibetanus (Constant) -0.076 0.114 -0.340 0.187 





Table B-52: 95% confidence intervals of the regression coefficients of the pooled within species regression of 
Procrustes coordinate 21 onto log centroid size pooled per species for all Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.086 0.146 -0.380 0.551 
LCS -0.019 0.028 -0.107 0.069 
H. malayanus (Constant) 0.002 0.151 -0.478 0.482 
LCS -0.004 0.031 -0.101 0.093 
M. ursinus (Constant) 0.038 0.071 -0.116 0.192 
LCS -0.012 0.014 -0.041 0.017 
T. ornatus (Constant) -0.016 0.096 -0.264 0.231 
LCS 0.000 0.019 -0.049 0.049 
U. americanus (Constant) -0.008 0.086 -0.207 0.191 
LCS -0.001 0.017 -0.040 0.038 
U. arctos (Constant) -0.003 0.057 -0.118 0.112 
LCS -0.003 0.011 -0.024 0.019 
U. deningeri (Constant) -1.045 0.000 -1.045 -1.045 
LCS 0.181 0.000 0.181 0.181 
U. maritimus (Constant) 0.010 0.083 -0.171 0.192 
LCS -0.006 0.015 -0.040 0.028 
U. spelaeus (Constant) 0.025 0.052 -0.078 0.128 
LCS -0.009 0.009 -0.028 0.009 
U. thibetanus (Constant) -0.031 0.054 -0.157 0.094 
LCS 0.003 0.011 -0.022 0.027 
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Extant Ursidae, Fossil U. arctos, U. deningeri and a Subset of Twelve U. spelaeus 
Mandibulae with Seven Landmarks focusing on the Masseter 
 
Table B-53: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 1 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.407 0.100 -0.623 -0.191 
LCS -0.032 0.019 -0.073 0.009 
U. deningeri (Constant) -0.645 0.000 -0.645 -0.645 
LCS 0.015 0.000 0.015 0.015 
 
Table B-54: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 2 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.098 0.081 -0.263 0.067 
LCS 0.018 0.015 -0.013 0.049 
U. deningeri (Constant) 0.322 0.000 0.322 0.322 
LCS -0.060 0.000 -0.060 -0.060 
U. thibetanus (Constant) -0.035 0.143 -0.365 0.294 
LCS 0.006 0.028 -0.058 0.070 
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Table B-55: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 3 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.026 0.149 -0.501 0.449 
LCS 0.009 0.030 -0.087 0.105 
M. ursinus (Constant) 0.036 0.105 -0.191 0.262 
LCS -0.002 0.020 -0.045 0.041 
T. ornatus (Constant) -0.082 0.110 -0.365 0.202 
LCS 0.023 0.022 -0.033 0.080 
U. americanus (Constant) 0.168 0.236 -0.377 0.713 
LCS -0.030 0.046 -0.137 0.077 
U. arctos (Constant) 0.132 0.071 -0.011 0.275 
LCS -0.021 0.013 -0.048 0.006 
U. deningeri (Constant) 0.862 0.000 0.862 0.862 
LCS -0.149 0.000 -0.149 -0.149 
U. maritimus (Constant) 0.065 0.072 -0.094 0.224 
LCS -0.007 0.013 -0.037 0.022 
U. spelaeus (Constant) 0.336 0.127 0.053 0.619 
LCS -0.055 0.023 -0.105 -0.005 
U. thibetanus (Constant) 0.155 0.049 0.042 0.268 
LCS -0.027 0.010 -0.049 -0.005 
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Table B-56: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 4 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) 0.408 0.141 0.123 0.694 
LCS -0.048 0.026 -0.102 0.005 
U. deningeri (Constant) 0.890 0.000 0.890 0.890 

















Table B-57: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 5 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -1.034 0.317 -1.718 -0.350 
LCS 0.192 0.060 0.062 0.322 
T. ornatus (Constant) 0.172 0.190 -0.315 0.660 
LCS -0.056 0.038 -0.153 0.041 
U. americanus (Constant) 0.558 0.314 -0.166 1.282 
LCS -0.121 0.062 -0.263 0.021 
U. arctos (Constant) 0.092 0.146 -0.202 0.387 
LCS -0.024 0.027 -0.080 0.031 
U. deningeri (Constant) -0.686 0.000 -0.686 -0.686 
LCS 0.117 0.000 0.117 0.117 
U. thibetanus (Constant) 0.610 0.172 0.212 1.007 








Table B-58: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 6 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.247 0.091 -0.443 -0.050 
LCS 0.043 0.017 0.006 0.080 
T. ornatus (Constant) 0.339 0.084 0.124 0.554 
LCS -0.076 0.017 -0.119 -0.033 
U. americanus (Constant) -0.434 0.349 -1.240 0.372 
LCS 0.079 0.069 -0.079 0.238 
U. arctos (Constant) -0.130 0.077 -0.287 0.026 
LCS 0.019 0.014 -0.010 0.049 
U. deningeri (Constant) -0.103 0.000 -0.103 -0.103 
LCS 0.012 0.000 0.012 0.012 
U. maritimus (Constant) -0.250 0.124 -0.523 0.023 











Table B-59: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 7 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) 0.050 0.298 -0.592 0.693 
LCS 0.083 0.056 -0.039 0.204 
T. ornatus (Constant) 0.222 0.190 -0.267 0.710 
LCS 0.045 0.038 -0.053 0.143 
U. americanus (Constant) 0.580 0.364 -0.260 1.421 
LCS -0.025 0.071 -0.189 0.140 
U. arctos (Constant) 0.246 0.150 -0.058 0.550 
LCS 0.039 0.028 -0.018 0.096 
U. deningeri (Constant) -0.620 0.000 -0.620 -0.620 
LCS 0.192 0.000 0.192 0.192 
U. maritimus (Constant) 0.719 0.331 -0.010 1.448 
LCS -0.046 0.062 -0.182 0.090 
U. spelaeus (Constant) 0.457 0.272 -0.150 1.064 







Table B-60: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 8 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.133 0.115 -0.366 0.100 
LCS 0.008 0.022 -0.036 0.052 
U. deningeri (Constant) 0.187 0.000 0.187 0.187 
LCS -0.054 0.000 -0.054 -0.054 
U. thibetanus (Constant) -0.349 0.175 -0.753 0.056 
LCS 0.048 0.034 -0.030 0.127 
 
Table B-61: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 9 
onto log centroid size pooled per species for extant and a subset of fossil Ursidae. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) 0.140 0.064 0.010 0.269 
LCS -0.023 0.012 -0.047 0.002 
U. deningeri (Constant) -0.131 0.000 -0.131 -0.131 
LCS 0.028 0.000 0.028 0.028 
U. maritimus (Constant) 0.092 0.088 -0.103 0.286 
LCS -0.014 0.016 -0.050 0.022 
U. thibetanus (Constant) 0.098 0.097 -0.125 0.321 
LCS -0.017 0.019 -0.060 0.027 
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Table B-62: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.376 0.452 -1.815 1.064 
LCS 0.173 0.092 -0.118 0.464 
M. ursinus (Constant) 0.579 0.162 0.228 0.930 
LCS -0.021 0.031 -0.087 0.046 
T. ornatus (Constant) 0.420 0.247 -0.215 1.056 
LCS -0.003 0.049 -0.130 0.124 
U. americanus (Constant) -0.295 0.326 -1.046 0.456 
LCS 0.146 0.064 -0.001 0.294 
U. arctos (Constant) 0.248 0.108 0.029 0.468 
LCS 0.038 0.020 -0.003 0.079 
U. deningeri (Constant) 1.083 0.000 1.083 1.083 
LCS -0.115 0.000 -0.115 -0.115 
U. maritimus (Constant) -0.164 0.264 -0.744 0.416 
LCS 0.119 0.049 0.011 0.227 
U. spelaeus (Constant) -0.006 0.307 -0.691 0.679 
LCS 0.083 0.055 -0.039 0.204 
U. thibetanus (Constant) 0.208 0.267 -0.408 0.824 
LCS 0.048 0.052 -0.072 0.167 
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Table B-63: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 11 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) 0.478 0.256 -0.076 1.032 
LCS -0.076 0.049 -0.181 0.029 
U. americanus (Constant) -0.683 0.235 -1.225 -0.141 
LCS 0.154 0.046 0.047 0.260 
U. arctos (Constant) 0.036 0.079 -0.123 0.196 
LCS 0.011 0.015 -0.019 0.041 
U. deningeri (Constant) 0.283 0.000 0.283 0.283 














Table B-64: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 12 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.124 0.105 -0.459 0.211 
LCS 0.024 0.021 -0.044 0.092 
M. ursinus (Constant) 0.116 0.085 -0.067 0.299 
LCS -0.022 0.016 -0.056 0.013 
T. ornatus (Constant) -0.023 0.088 -0.250 0.205 
LCS 0.005 0.018 -0.040 0.051 
U. arctos (Constant) 0.043 0.062 -0.082 0.168 
LCS -0.010 0.012 -0.033 0.014 
U. deningeri (Constant) 0.324 0.000 0.324 0.324 
LCS -0.061 0.000 -0.061 -0.061 
U. maritimus (Constant) 0.119 0.090 -0.079 0.318 
LCS -0.023 0.017 -0.060 0.014 
U. thibetanus (Constant) 0.074 0.067 -0.079 0.228 






Table B-65: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 13 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.915 0.396 0.002 1.827 
LCS -0.157 0.078 -0.336 0.022 
U. arctos (Constant) 0.526 0.137 0.249 0.803 
LCS -0.078 0.026 -0.130 -0.026 
U. deningeri (Constant) -0.097 0.000 -0.097 -0.097 
LCS 0.036 0.000 0.036 0.036 
U. maritimus (Constant) 0.711 0.260 0.138 1.284 
LCS -0.117 0.049 -0.224 -0.010 
U. thibetanus (Constant) 0.860 0.243 0.299 1.420 
LCS -0.148 0.047 -0.257 -0.039 
 
Table B-66: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 14 
onto log centroid size pooled per species for extant and a subset of fossil Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.829 0.250 -1.623 -0.034 
LCS 0.184 0.051 0.023 0.345 
U. deningeri (Constant) 0.190 0.000 0.190 0.190 
LCS -0.028 0.000 -0.028 -0.028 
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Table B-67: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 15 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.164 0.083 -0.100 0.428 
LCS -0.025 0.017 -0.079 0.028 
M. ursinus (Constant) 0.172 0.115 -0.076 0.420 
LCS -0.031 0.022 -0.078 0.016 
U. deningeri (Constant) -0.217 0.000 -0.217 -0.217 
LCS 0.044 0.000 0.044 0.044 
U. thibetanus (Constant) -0.301 0.102 -0.536 -0.066 













Table B-68: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 16 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.478 0.136 -0.772 -0.184 
LCS 0.066 0.026 0.010 0.121 
T. ornatus (Constant) -0.423 0.086 -0.645 -0.202 
LCS 0.044 0.017 0.000 0.088 
U. americanus (Constant) -0.862 0.196 -1.313 -0.410 
LCS 0.137 0.038 0.049 0.226 
U. deningeri (Constant) -0.128 0.000 -0.128 -0.128 
LCS -0.005 0.000 -0.005 -0.005 
U. thibetanus (Constant) -0.668 0.179 -1.080 -0.256 








Table B-69: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 17 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
M. ursinus (Constant) -0.123 0.077 -0.289 0.044 
LCS 0.021 0.015 -0.010 0.053 
T. ornatus (Constant) -0.355 0.107 -0.629 -0.081 
LCS 0.074 0.021 0.019 0.129 
U. arctos (Constant) -0.046 0.070 -0.188 0.097 
LCS 0.008 0.013 -0.018 0.035 
U. deningeri (Constant) 0.169 0.000 0.169 0.169 
LCS -0.030 0.000 -0.030 -0.030 
U. maritimus (Constant) -0.327 0.134 -0.622 -0.032 
LCS 0.066 0.025 0.011 0.121 
U. spelaeus (Constant) -0.734 0.212 -1.207 -0.261 
LCS 0.130 0.038 0.046 0.214 
U. thibetanus (Constant) -0.236 0.121 -0.515 0.042 





Table B-70: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 18 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.026 0.088 -0.306 0.253 
LCS 0.003 0.018 -0.054 0.059 
M. ursinus (Constant) -0.082 0.104 -0.307 0.144 
LCS 0.015 0.020 -0.028 0.057 
T. ornatus (Constant) 0.050 0.091 -0.183 0.282 
LCS -0.014 0.018 -0.060 0.033 
U. arctos (Constant) -0.095 0.057 -0.210 0.019 
LCS 0.016 0.011 -0.006 0.038 
U. deningeri (Constant) 0.305 0.000 0.305 0.305 
LCS -0.054 0.000 -0.054 -0.054 
U. maritimus (Constant) -0.021 0.116 -0.276 0.235 
LCS 0.002 0.022 -0.046 0.050 
U. spelaeus (Constant) -0.169 0.170 -0.549 0.211 
LCS 0.031 0.030 -0.037 0.098 
U. thibetanus (Constant) -0.053 0.044 -0.153 0.048 




Table B-71: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 20 
onto log centroid size pooled per species for extant Ursidae, fossil U. arctos, U. deningeri and a random subset of 
twelve U. spelaeus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.136 0.168 -0.398 0.669 
LCS -0.030 0.034 -0.138 0.078 
M. ursinus (Constant) 0.152 0.175 -0.226 0.530 
LCS -0.032 0.033 -0.104 0.040 
T. ornatus (Constant) 0.112 0.108 -0.165 0.390 
LCS -0.018 0.022 -0.074 0.037 
U. americanus (Constant) 0.107 0.176 -0.299 0.513 
LCS -0.020 0.035 -0.100 0.059 
U. arctos (Constant) 0.082 0.065 -0.051 0.214 
LCS -0.014 0.012 -0.039 0.010 
U. deningeri (Constant) -0.464 0.000 -0.464 -0.464 
LCS 0.086 0.000 0.086 0.086 
U. maritimus (Constant) 0.153 0.117 -0.104 0.410 
LCS -0.029 0.022 -0.077 0.018 
U. spelaeus (Constant) 0.510 0.212 0.037 0.982 
LCS -0.089 0.038 -0.173 -0.005 
U. thibetanus (Constant) -0.077 0.114 -0.340 0.187 
LCS 0.015 0.022 -0.037 0.066 
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Table B-72: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 21 
onto log centroid size pooled per species for extant and a subset of fossil Ursidae. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.077 0.140 -0.369 0.523 
LCS -0.017 0.026 -0.102 0.067 
H. malayanus (Constant) -0.005 0.153 -0.493 0.483 
LCS -0.003 0.031 -0.101 0.096 
M. ursinus (Constant) 0.033 0.071 -0.120 0.187 
LCS -0.011 0.013 -0.040 0.018 
T. ornatus (Constant) -0.020 0.096 -0.266 0.226 
LCS 0.001 0.019 -0.049 0.050 
U. americanus (Constant) -0.013 0.085 -0.210 0.185 
LCS 0.000 0.017 -0.039 0.038 
U. arctos (Constant) -0.005 0.058 -0.123 0.112 
LCS -0.002 0.011 -0.024 0.020 
U. deningeri (Constant) -1.039 0.000 -1.039 -1.039 
LCS 0.180 0.000 0.180 0.180 
U. maritimus (Constant) 0.006 0.082 -0.176 0.187 
LCS -0.005 0.015 -0.039 0.029 
U. spelaeus (Constant) -0.130 0.176 -0.522 0.262 
LCS 0.018 0.031 -0.051 0.088 
U. thibetanus (Constant) -0.032 0.055 -0.159 0.095 
LCS 0.003 0.011 -0.022 0.027 
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Extant Ursus Mandibulae with Seven Landmarks focusing on the Masseter 
 
Table B-73: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 2 
onto log centroid size pooled per species for extant members of the genus Ursus. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.194 0.091 -0.380 -0.008 
LCS 0.036 0.017 0.001 0.071 
U. maritimus (Constant) 0.284 0.100 0.063 0.504 
LCS -0.057 0.019 -0.098 -0.016 
 
Table B-74: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 8 
onto log centroid size pooled per species for extant members of the genus Ursus. The highlighted confidence 
intervals do not overlap for U. arctos and U. maritimus. The highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.277 0.137 -0.555 0.002 
LCS 0.035 0.026 -0.018 0.087 
U. maritimus (Constant) 0.369 0.167 0.001 0.736 






All Ursus Mandibulae with Seven Landmarks focusing on the Masseter 
 
Table B-75: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 2 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.100 0.081 -0.264 0.064 
LCS 0.018 0.015 -0.013 0.049 
U. deningeri (Constant) 0.249 0.000 0.249 0.249 
LCS -0.048 0.000 -0.048 -0.048 
U. maritimus (Constant) 0.284 0.099 0.066 0.503 










Table B-76: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 3 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.171 0.229 -0.358 0.699 
LCS -0.031 0.045 -0.134 0.073 
U. arctos (Constant) 0.127 0.070 -0.015 0.269 
LCS -0.020 0.013 -0.047 0.007 
U. deningeri (Constant) 0.890 0.000 0.890 0.890 
LCS -0.155 0.000 -0.155 -0.155 
U. maritimus (Constant) 0.080 0.069 -0.072 0.232 
LCS -0.010 0.013 -0.039 0.018 
U. spelaeus (Constant) 0.127 0.050 0.028 0.226 
LCS -0.018 0.009 -0.036 -0.001 
U. thibetanus (Constant) 0.160 0.051 0.043 0.277 








Table B-77: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 4 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) 0.408 0.141 0.123 0.693 
LCS -0.048 0.026 -0.102 0.005 
U. deningeri (Constant) 0.888 0.000 0.888 0.888 
LCS -0.131 0.000 -0.131 -0.131 
U. spelaeus (Constant) 0.548 0.090 0.369 0.728 











Table B-78: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 5 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.579 0.312 -0.140 1.297 
LCS -0.125 0.061 -0.266 0.016 
U. arctos (Constant) 0.096 0.145 -0.197 0.390 
LCS -0.025 0.027 -0.080 0.030 
U. deningeri (Constant) -0.664 0.000 -0.664 -0.664 
LCS 0.113 0.000 0.113 0.113 
U. maritimus (Constant) 0.302 0.104 0.096 0.509 
LCS -0.061 0.018 -0.098 -0.025 
U. spelaeus (Constant) 0.593 0.174 0.192 0.994 










Table B-79: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 7 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.581 0.365 -0.260 1.423 
LCS -0.025 0.072 -0.190 0.140 
U. arctos (Constant) 0.244 0.151 -0.062 0.549 
LCS 0.039 0.028 -0.018 0.096 
U. deningeri (Constant) -0.623 0.000 -0.623 -0.623 
LCS 0.192 0.000 0.192 0.192 
U. maritimus (Constant) 0.718 0.333 -0.014 1.450 
LCS -0.046 0.062 -0.183 0.090 
U. spelaeus (Constant) 0.084 0.082 -0.080 0.248 








Table B-80: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 8 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.141 0.115 -0.375 0.093 
LCS 0.009 0.022 -0.035 0.053 
U. deningeri (Constant) 0.194 0.000 0.194 0.194 
LCS -0.056 0.000 -0.056 -0.056 
U. spelaeus (Constant) -0.138 0.082 -0.301 0.025 
LCS 0.006 0.014 -0.023 0.035 
U. thibetanus (Constant) -0.352 0.175 -0.755 0.052 










Table B-81: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 9 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.137 0.065 0.005 0.268 
LCS -0.023 0.012 -0.048 0.001 
U. arctos (Constant) -0.175 0.000 -0.175 -0.175 
LCS 0.035 0.000 0.035 0.035 
U. deningeri (Constant) 0.110 0.087 -0.082 0.302 
LCS -0.018 0.016 -0.054 0.017 
U. maritimus (Constant) 0.211 0.051 0.109 0.313 
LCS -0.034 0.009 -0.052 -0.016 
U. spelaeus (Constant) 0.108 0.096 -0.113 0.329 








Table B-82: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) -0.296 0.326 -1.047 0.456 
LCS 0.147 0.064 -0.001 0.294 
U. arctos (Constant) 0.246 0.108 0.027 0.465 
LCS 0.038 0.020 -0.003 0.080 
U. deningeri (Constant) 1.080 0.000 1.080 1.080 
LCS -0.114 0.000 -0.114 -0.114 
U. maritimus (Constant) -0.165 0.262 -0.742 0.412 
LCS 0.119 0.049 0.012 0.227 
U. spelaeus (Constant) 0.251 0.079 0.093 0.408 
LCS 0.036 0.014 0.008 0.064 
U. thibetanus (Constant) 0.206 0.267 -0.409 0.821 







Table B-83: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 11 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) -0.691 0.237 -1.237 -0.146 
LCS 0.155 0.046 0.048 0.262 
U. arctos (Constant) 0.031 0.080 -0.130 0.193 
LCS 0.012 0.015 -0.018 0.042 
U. deningeri (Constant) 0.266 0.000 0.266 0.266 
LCS -0.028 0.000 -0.028 -0.028 
U. spelaeus (Constant) 0.068 0.070 -0.072 0.208 










Table B-84: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 12 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.082 0.095 -0.137 0.301 
LCS -0.016 0.019 -0.059 0.027 
U. arctos (Constant) 0.038 0.059 -0.082 0.157 
LCS -0.008 0.011 -0.030 0.015 
U. deningeri (Constant) 0.375 0.000 0.375 0.375 
LCS -0.069 0.000 -0.069 -0.069 
U. maritimus (Constant) 0.127 0.087 -0.065 0.319 
LCS -0.024 0.016 -0.060 0.012 
U. spelaeus (Constant) 0.004 0.037 -0.069 0.077 
LCS -0.001 0.007 -0.014 0.012 
U. thibetanus (Constant) 0.040 0.064 -0.108 0.188 







Table B-85: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 13 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.915 0.396 0.003 1.827 
LCS -0.157 0.078 -0.336 0.022 
U. arctos (Constant) 0.526 0.137 0.249 0.803 
LCS -0.078 0.026 -0.130 -0.026 
U. deningeri (Constant) -0.097 0.000 -0.097 -0.097 
LCS 0.036 0.000 0.036 0.036 
U. maritimus (Constant) 0.709 0.260 0.136 1.282 
LCS -0.117 0.049 -0.223 -0.010 
U. spelaeus (Constant) 0.696 0.100 0.497 0.896 
LCS -0.104 0.018 -0.139 -0.069 
U. thibetanus (Constant) 0.860 0.243 0.300 1.420 







Table B-86: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 14 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 0.191 0.000 0.191 0.191 
LCS -0.029 0.000 -0.029 -0.029 
U. spelaeus (Constant) -0.072 0.078 -0.226 0.082 
LCS 0.017 0.014 -0.010 0.044 
 
Table B-87: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 16 
onto log centroid size pooled per species for members of the genus Ursus. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) -0.862 0.196 -1.314 -0.411 
LCS 0.137 0.038 0.049 0.226 
U. deningeri (Constant) -0.125 0.000 -0.125 -0.125 
LCS -0.005 0.000 -0.005 -0.005 
U. spelaeus (Constant) -0.298 0.068 -0.434 -0.162 
LCS 0.027 0.012 0.003 0.051 
U. thibetanus (Constant) -0.667 0.178 -1.079 -0.256 
LCS 0.096 0.035 0.016 0.176 
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Table B-88: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 17 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.041 0.070 -0.182 0.101 
LCS 0.008 0.013 -0.019 0.034 
U. deningeri (Constant) 0.145 0.000 0.145 0.145 
LCS -0.026 0.000 -0.026 -0.026 
U. maritimus (Constant) -0.323 0.139 -0.630 -0.016 
LCS 0.065 0.026 0.008 0.122 
U. spelaeus (Constant) -0.243 0.080 -0.402 -0.085 
LCS 0.043 0.014 0.015 0.071 
U. thibetanus (Constant) -0.231 0.121 -0.510 0.048 








Table B-89: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 18 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.097 0.058 -0.214 0.020 
LCS 0.016 0.011 -0.006 0.038 
U. deningeri (Constant) 0.320 0.000 0.320 0.320 
LCS -0.057 0.000 -0.057 -0.057 
U. maritimus (Constant) -0.041 0.110 -0.284 0.202 
LCS 0.006 0.021 -0.039 0.051 
U. spelaeus (Constant) -0.129 0.054 -0.237 -0.021 
LCS 0.024 0.010 0.005 0.043 
U. thibetanus (Constant) -0.066 0.043 -0.166 0.033 
LCS 0.012 0.008 -0.007 0.032 
 
Table B-90: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 19 
onto log centroid size pooled per species for members of the genus Ursus. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U.deningeri (Constant) -0.484 0.000 -0.484 -0.484 
LCS 0.008 0.000 0.008 0.008 
U. spelaeus (Constant) -0.683 0.066 -0.815 -0.552 
LCS 0.043 0.012 0.020 0.066 
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Table B-91: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 20 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) 0.110 0.176 -0.296 0.516 
LCS -0.021 0.035 -0.100 0.059 
U. arctos (Constant) 0.082 0.066 -0.052 0.217 
LCS -0.014 0.012 -0.039 0.011 
U. deningeri (Constant) -0.382 0.000 -0.382 -0.382 
LCS 0.072 0.000 0.072 0.072 
U. maritimus (Constant) 0.156 0.114 -0.095 0.407 
LCS -0.030 0.021 -0.076 0.017 
U. spelaeus (Constant) 0.134 0.069 -0.004 0.272 
LCS -0.021 0.012 -0.046 0.003 
U. thibetanus (Constant) -0.077 0.114 -0.340 0.186 







Table B-92: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 21 
onto log centroid size pooled per species for members of the genus Ursus. The highlighted confidence intervals do 
not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. americanus (Constant) -0.004 0.087 -0.205 0.196 
LCS -0.002 0.017 -0.041 0.038 
U. arctos (Constant) -0.001 0.056 -0.115 0.113 
LCS -0.003 0.011 -0.024 0.018 
U. deningeri (Constant) -1.049 0.000 -1.049 -1.049 
LCS 0.182 0.000 0.182 0.182 
U. maritimus (Constant) 0.014 0.082 -0.167 0.196 
LCS -0.007 0.015 -0.041 0.027 
U. spelaeus (Constant) 0.029 0.051 -0.073 0.131 
LCS -0.010 0.009 -0.028 0.008 
U. thibetanus (Constant) -0.033 0.054 -0.157 0.092 








U. spelaeus and U. deningeri Mandibulae with Seven Landmarks focusing on the 
Masseter 
 
Table B-93: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 2 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.212 0.000 -0.212 -0.212 
LCS 0.041 0.000 0.041 0.041 
U. spelaeus (Constant) 0.048 0.072 -0.096 0.192 
LCS -0.007 0.013 -0.033 0.018 
 
Table B-94: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 3 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 0.902 0.000 0.902 0.902 
LCS -0.157 0.000 -0.157 -0.157 
U. spelaeus (Constant) 0.126 0.049 0.028 0.224 
LCS -0.018 0.009 -0.035 -0.001 
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Table B-95: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 4 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 0.885 0.000 0.885 0.885 
LCS -0.131 0.000 -0.131 -0.131 
U. spelaeus (Constant) 0.548 0.090 0.368 0.727 
LCS -0.071 0.016 -0.103 -0.039 
 
Table B-96: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 5 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 0.650 0.000 0.650 0.650 
LCS -0.111 0.000 -0.111 -0.111 
U. spelaeus (Constant) -0.299 0.104 -0.506 -0.093 





Table B-97: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 7 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.629 0.000 -0.629 -0.629 
LCS 0.194 0.000 0.194 0.194 
U. spelaeus (Constant) 0.079 0.083 -0.085 0.244 
LCS 0.064 0.015 0.035 0.093 
 
Table B-98: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 8 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.203 0.000 -0.203 -0.203 
LCS 0.058 0.000 0.058 0.058 
U. spelaeus (Constant) 0.143 0.082 -0.021 0.307 





Table B-99: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 9 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.197 0.000 -0.197 -0.197 
LCS 0.038 0.000 0.038 0.038 
U. spelaeus (Constant) 0.221 0.054 0.115 0.327 
LCS -0.036 0.009 -0.055 -0.018 
 
Table B-100: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 1.071 0.000 1.071 1.071 
LCS -0.113 0.000 -0.113 -0.113 
U. spelaeus (Constant) 0.248 0.079 0.091 0.405 





Table B-101: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 11 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.260 0.000 -0.260 -0.260 
LCS 0.026 0.000 0.026 0.026 
U. spelaeus (Constant) -0.065 0.071 -0.205 0.075 
LCS -0.009 0.012 -0.034 0.016 
 
Table B-102: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 12 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 0.396 0.000 0.396 0.396 
LCS -0.073 0.000 -0.073 -0.073 
U. spelaeus (Constant) -0.011 0.035 -0.081 0.059 





Table B-103: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 13 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.098 0.000 -0.098 -0.098 
LCS 0.037 0.000 0.037 0.037 
U. spelaeus (Constant) 0.696 0.100 0.496 0.895 
LCS -0.104 0.018 -0.139 -0.069 
 
Table B-104: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 14 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.192 0.000 -0.192 -0.192 
LCS 0.029 0.000 0.029 0.029 
U. spelaeus (Constant) 0.068 0.077 -0.086 0.222 





Table B-105: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 16 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.123 0.000 -0.123 -0.123 
LCS -0.005 0.000 -0.005 -0.005 
U. spelaeus (Constant) -0.297 0.068 -0.433 -0.161 
LCS 0.027 0.012 0.003 0.051 
 
Table B-106: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 17 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.133 0.000 -0.133 -0.133 
LCS 0.024 0.000 0.024 0.024 
U. spelaeus (Constant) 0.238 0.080 0.079 0.397 





Table B-107: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 18 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 0.326 0.000 0.326 0.326 
LCS -0.058 0.000 -0.058 -0.058 
U. spelaeus (Constant) -0.135 0.054 -0.242 -0.027 
LCS 0.025 0.010 0.006 0.044 
 
Table B-108: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 19 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -0.479 0.000 -0.479 -0.479 
LCS 0.007 0.000 0.007 0.007 
U. spelaeus (Constant) -0.68 0.066 -0.810 -0.549 





Table B-109: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 20 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) 0.350 0.000 0.350 0.350 
LCS -0.067 0.000 -0.067 -0.067 
U. spelaeus (Constant) -0.132 0.069 -0.270 0.005 
LCS 0.021 0.012 -0.004 0.045 
 
Table B-110: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 21 
onto log centroid size pooled per species for Ursus spelaeus and U. deningeri. The highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. deningeri (Constant) -1.050 0.000 -1.050 -1.050 
LCS 0.182 0.000 0.182 0.182 
U. spelaeus (Constant) 0.030 0.050 -0.070 0.131 








Extant Ursidae Mandibulae with Six Landmarks focusing on the Temporalis 
 
Table B-111: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 1 
onto log centroid size pooled per species for extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.881 0.095 -1.292 -0.471 
LCS 0.065 0.019 -0.018 0.148 
M. ursinus (Constant) -0.248 0.099 -0.457 -0.039 
LCS -0.057 0.019 -0.097 -0.018 
U. arctos (Constant) -0.650 0.069 -0.789 -0.511 
LCS 0.019 0.013 -0.007 0.046 
U. thibetanus (Constant) -0.755 0.119 -1.030 -0.481 
LCS 0.041 0.023 -0.012 0.095 
 
Table B-112: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap.  
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.828 0.045 0.636 1.021 
LCS -0.146 0.009 -0.185 -0.107 
M. ursinus (Constant) 0.313 0.118 0.063 0.563 
LCS -0.045 0.022 -0.093 0.002 
 
 605 
All Ursidae Mandibulae with Six Landmarks focusing on the Temporalis 
 
Table B-113: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 1 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.878 0.093 -1.277 -0.479 
LCS 0.064 0.019 -0.017 0.145 
M. ursinus (Constant) -0.246 0.098 -0.453 -0.039 
LCS -0.058 0.019 -0.097 -0.018 
U. arctos (Constant) -0.676 0.064 -0.805 -0.548 
LCS 0.024 0.012 0.000 0.049 
U. spelaeus (Constant) -0.687 0.070 -0.826 -0.548 
LCS 0.025 0.012 0.000 0.050 
U. thibetanus (Constant) -0.754 0.119 -1.029 -0.479 







Table B-114: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.828 0.044 0.639 1.018 
LCS -0.145 0.009 -0.184 -0.107 
M. ursinus (Constant) 0.315 0.117 0.067 0.563 
LCS -0.046 0.022 -0.093 0.002 
U. spelaeus (Constant) 0.885 0.110 0.665 1.104 












Extant Ursidae, Fossil U. arctos and a Subset of 13 U. spelaeus Mandibulae with Six 
Landmarks focusing on the Temporalis 
 
Table B-115: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 1 
onto log centroid size pooled per species for all extant members of the family Ursidae, fossil U. arctos and a 
subset of 13 U. spelaeus. Highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) -0.880 0.095 -1.287 -0.472 
LCS 0.065 0.019 -0.018 0.147 
M. ursinus (Constant) -0.247 0.098 -0.455 -0.039 
LCS -0.058 0.019 -0.097 -0.018 
U. arctos (Constant) -0.676 0.064 -0.805 -0.548 
LCS 0.024 0.012 0.000 0.049 
U. spelaeus (Constant) -0.907 0.175 -1.293 -0.521 
LCS 0.064 0.031 -0.005 0.133 
U. thibetanus (Constant) -0.754 0.119 -1.028 -0.480 






Table B-116: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for all extant members of the family Ursidae, fossil U. arctos and a 
subset of 13 U. spelaeus. Highlighted confidence intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
H. malayanus (Constant) 0.828 0.044 0.637 1.020 
LCS -0.145 0.009 -0.184 -0.107 
M. ursinus (Constant) 0.314 0.118 0.064 0.563 
LCS -0.045 0.022 -0.093 0.002 
U. spelaeus (Constant) 1.205 0.254 0.646 1.765 
LCS -0.189 0.045 -0.289 -0.089 
 
Extant Ursus Mandibulae with Six Landmarks focusing on the Temporalis 
 
Table B-117: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 9 
onto log centroid size pooled per species for all extant members of the genus Ursus. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
U. arctos (Constant) -0.057 0.019 -0.095 -0.020 
LCS 0.011 0.004 0.004 0.018 
U. thibetanus (Constant) 0.047 0.022 -0.005 0.098 




Extant Ursidae Crania with Twelve Landmarks 
 
Table B-118: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 2 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -3.202 0.000 -3.202 -3.202 
LCS 0.562 0.000 0.562 0.562 
T. ornatus (Constant) -0.185 0.015 -0.377 0.007 
LCS 0.035 0.003 0.001 0.070 
U. americanus (Constant) 0.057 0.219 -0.884 0.997 
LCS -0.011 0.039 -0.179 0.156 
U. arctos (Constant) -0.085 0.129 -0.362 0.192 
LCS 0.014 0.022 -0.033 0.062 
U. thibetanus (Constant) 0.034 0.082 -0.226 0.294 








Table B-119: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 3 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.874 0.000 0.874 0.874 
LCS -0.171 0.000 -0.171 -0.171 
U. arctos (Constant) 0.071 0.081 -0.104 0.245 
LCS -0.028 0.014 -0.058 0.002 
U. thibetanus (Constant) -0.024 0.116 -0.394 0.346 
LCS -0.012 0.020 -0.076 0.053 
 
Table B-120: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 4 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -3.961 0.000 -3.961 -3.961 
LCS 0.630 0.000 0.630 0.630 
T. ornatus (Constant) 0.193 0.304 -3.667 4.052 
LCS -0.100 0.055 -0.797 0.596 
U. americanus (Constant) 0.257 0.187 -0.549 1.063 
LCS -0.113 0.033 -0.257 0.030 
U. arctos (Constant) -0.209 0.122 -0.471 0.052 
LCS -0.028 0.021 -0.073 0.017 
U. thibetanus (Constant) -0.495 0.149 -0.968 -0.021 
LCS 0.021 0.026 -0.061 0.104 
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Table B-121: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 5 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.800 0.000 -0.800 -0.800 
LCS 0.152 0.000 0.152 0.152 
U. arctos (Constant) 0.078 0.164 -0.273 0.428 
LCS -0.002 0.028 -0.062 0.059 
U. thibetanus (Constant) 0.362 0.151 -0.118 0.842 
LCS -0.052 0.026 -0.136 0.032 
 
Table B-122: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 6 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.690 0.000 -0.690 -0.690 
LCS 0.102 0.000 0.102 0.102 
U. arctos (Constant) -0.026 0.139 -0.323 0.272 
LCS -0.011 0.024 -0.063 0.040 
U. thibetanus (Constant) 0.213 0.116 -0.156 0.583 
LCS -0.053 0.020 -0.117 0.012 
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Table B-123: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 7 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.059 0.000 -1.059 -1.059 
LCS 0.165 0.000 0.165 0.165 
U. arctos (Constant) -0.397 0.155 -0.730 -0.064 
LCS 0.052 0.027 -0.005 0.109 
U. thibetanus (Constant) -0.190 0.261 -1.021 0.640 
LCS 0.017 0.045 -0.128 0.161 
 
Table B-124: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 8 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.575 0.000 0.575 0.575 
LCS -0.092 0.000 -0.092 -0.092 
U. arctos (Constant) -0.099 0.114 -0.345 0.146 
LCS 0.022 0.020 -0.020 0.064 
U. thibetanus (Constant) 0.099 0.126 -0.300 0.499 
LCS -0.013 0.022 -0.082 0.057 
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Table B-125: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 9 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.327 0.000 0.327 0.327 
LCS -0.022 0.000 -0.022 -0.022 
U. arctos (Constant) -0.229 0.217 -0.695 0.237 
LCS 0.068 0.037 -0.013 0.148 
 
Table B-126: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 2.599 0.000 2.599 2.599 
LCS -0.439 0.000 -0.439 -0.439 
U. arctos (Constant) -0.132 0.173 -0.504 0.239 
LCS 0.037 0.030 -0.027 0.100 
U. thibetanus (Constant) 0.084 0.055 -0.090 0.258 




Table B-127: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 11 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 4.178 0.000 4.178 4.178 
LCS -0.715 0.000 -0.715 -0.715 
U. americanus (Constant) 0.492 0.314 -0.859 1.842 
LCS -0.080 0.056 -0.320 0.161 
U. arctos (Constant) 0.026 0.161 -0.320 0.372 
LCS 0.004 0.028 -0.055 0.064 
U. thibetanus (Constant) 0.211 0.148 -0.260 0.681 
LCS -0.027 0.026 -0.109 0.055 
 
Table B-128: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 12 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.885 0.000 -1.885 -1.885 
LCS 0.347 0.000 0.347 0.347 
U. arctos (Constant) 0.033 0.162 -0.314 0.380 
LCS 0.009 0.028 -0.051 0.068 
U. thibetanus (Constant) 0.162 0.192 -0.448 0.773 
LCS -0.015 0.033 -0.121 0.091 
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Table B-129: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 13 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.497 0.000 -0.497 -0.497 
LCS 0.142 0.000 0.142 0.142 
U. americanus (Constant) 0.532 0.133 -0.041 1.106 
LCS -0.037 0.024 -0.139 0.065 
U. arctos (Constant) 0.401 0.155 0.068 0.734 
LCS -0.012 0.027 -0.069 0.045 
U. thibetanus (Constant) 0.324 0.071 0.098 0.551 












Table B-130: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 14  
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -4.819 0.000 -4.819 -4.819 
LCS 0.857 0.000 0.857 0.857 
T. ornatus (Constant) 0.511 0.186 -1.854 2.877 
LCS -0.072 0.034 -0.499 0.354 
U. americanus (Constant) 1.162 0.876 -2.607 4.930 
LCS -0.190 0.156 -0.861 0.482 
U. arctos (Constant) 0.216 0.174 -0.157 0.589 
LCS -0.019 0.030 -0.083 0.045 
U. thibetanus (Constant) -0.116 0.136 -0.547 0.316 
LCS 0.037 0.024 -0.038 0.112 
 
Table B-131: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 15 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.987 0.000 0.987 0.987 
LCS -0.174 0.000 -0.174 -0.174 
U. arctos (Constant) 0.125 0.085 -0.057 0.306 
LCS -0.024 0.015 -0.055 0.007 
U. thibetanus (Constant) 0.071 0.095 -0.232 0.375 
LCS -0.014 0.017 -0.067 0.039 
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Table B-132: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 16 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.655 0.000 -1.655 -1.655 
LCS 0.326 0.000 0.326 0.326 
T. ornatus (Constant) -0.047 0.126 -1.646 1.552 
LCS 0.045 0.023 -0.243 0.334 
U. arctos (Constant) 0.551 0.139 0.254 0.849 
LCS -0.063 0.024 -0.114 -0.012 
U. thibetanus (Constant) 0.166 0.164 -0.355 0.687 










Table B-133: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 17 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 3.384 0.000 3.384 3.384 
LCS -0.589 0.000 -0.589 -0.589 
T. ornatus (Constant) -0.202 0.121 -1.742 1.338 
LCS 0.035 0.022 -0.243 0.313 
U. americanus (Constant) -0.738 0.536 -3.043 1.567 
LCS 0.135 0.096 -0.276 0.546 
U. arctos (Constant) -0.025 0.103 -0.247 0.196 
LCS 0.004 0.018 -0.034 0.042 
U. thibetanus (Constant) 0.047 0.113 -0.312 0.406 
LCS -0.009 0.020 -0.072 0.053 
 
Table B-134: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 19 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.819 0.000 -1.819 -1.819 
LCS 0.329 0.000 0.329 0.329 
U. arctos (Constant) -0.132 0.092 -0.330 0.065 
LCS 0.032 0.016 -0.002 0.066 
U. thibetanus (Constant) -0.062 0.114 -0.424 0.299 
LCS 0.025 0.020 -0.038 0.088 
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Table B-135: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 20 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.312 0.000 0.312 0.312 
LCS -0.082 0.000 -0.082 -0.082 
U. arctos (Constant) -0.105 0.171 -0.473 0.262 
LCS -0.005 0.030 -0.068 0.059 
U. thibetanus (Constant) -0.151 0.073 -0.382 0.080 
LCS 0.007 0.013 -0.034 0.047 
 
Table B-136: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 21 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -3.181 0.000 -3.181 -3.181 
LCS 0.555 0.000 0.555 0.555 
T. ornatus (Constant) 0.827 0.299 -2.973 4.628 
LCS -0.140 0.054 -0.826 0.546 
U. americanus (Constant) 0.513 0.197 -0.335 1.361 
LCS -0.082 0.035 -0.234 0.069 
U. arctos (Constant) 0.165 0.105 -0.061 0.391 
LCS -0.020 0.018 -0.059 0.019 
U.thibetanus (Constant) -0.242 0.129 -0.653 0.168 
LCS 0.051 0.022 -0.021 0.122 
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Table B-137: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 22 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 3.215 0.000 3.215 3.215 
LCS -0.535 0.000 -0.535 -0.535 
U. americanus (Constant) 0.480 0.071 0.172 0.787 
LCS -0.058 0.013 -0.112 -0.003 
U. arctos (Constant) 0.140 0.160 -0.203 0.482 
LCS 0.000 0.027 -0.059 0.059 
U. thibetanus (Constant) -0.008 0.097 -0.318 0.302 
LCS 0.032 0.017 -0.022 0.086 
 
Table B-138: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 23 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.271 0.000 0.271 0.271 
LCS -0.064 0.000 -0.064 -0.064 
U. americanus (Constant) -0.612 0.175 -1.367 0.143 
LCS 0.093 0.031 -0.042 0.228 
U. arctos (Constant) -0.207 0.143 -0.514 0.101 
LCS 0.020 0.025 -0.033 0.073 
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Table B-139: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 24 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.853 0.000 -1.853 -1.853 
LCS 0.325 0.000 0.325 0.325 
T. ornatus (Constant) 0.210 0.109 -1.177 1.598 
LCS -0.035 0.020 -0.286 0.215 
U. arctos (Constant) 0.036 0.089 -0.156 0.227 
LCS -0.004 0.015 -0.037 0.029 
U. thibetanus (Constant) -0.347 0.132 -0.768 0.075 
LCS 0.063 0.023 -0.010 0.136 
 
Table B-140: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 25 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -2.787 0.000 -2.787 -2.787 
LCS 0.493 0.000 0.493 0.493 
U. arctos (Constant) -0.301 0.216 -0.764 0.163 
LCS 0.051 0.037 -0.028 0.131 
U. thibetanus (Constant) -0.337 0.165 -0.862 0.187 
LCS 0.056 0.029 -0.035 0.148 
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Table B-141: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 26 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -2.301 0.000 -2.301 -2.301 
LCS 0.397 0.000 0.397 0.397 
U. americanus (Constant) 0.180 0.266 -0.965 1.326 
LCS -0.038 0.047 -0.242 0.167 
U. arctos (Constant) -0.115 0.122 -0.377 0.147 
LCS 0.015 0.021 -0.031 0.060 
U. thibetanus (Constant) 0.352 0.361 -0.797 1.502 
LCS -0.067 0.063 -0.267 0.134 
 
Table B-142: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 27 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.218 0.000 1.218 1.218 
LCS -0.186 0.000 -0.186 -0.186 
T. ornatus (Constant) -0.740 0.055 -1.441 -0.038 
LCS 0.162 0.010 0.035 0.289 
U. arctos (Constant) -0.023 0.150 -0.345 0.298 
LCS 0.027 0.026 -0.028 0.083 
U. thibetanus (Constant) 0.281 0.217 -0.408 0.971 
LCS -0.024 0.038 -0.144 0.097 
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Table B-143: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 28 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.566 0.000 1.566 1.566 
LCS -0.351 0.000 -0.351 -0.351 
U. americanus (Constant) -0.418 0.039 -0.584 -0.252 
LCS -0.003 0.007 -0.032 0.027 
U. arctos (Constant) -0.311 0.158 -0.649 0.027 
LCS -0.023 0.027 -0.082 0.035 
U. thibetanus (Constant) 0.105 0.148 -0.365 0.575 
LCS -0.098 0.026 -0.180 -0.016 
 
Table B-144: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 29 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 2.539 0.000 2.539 2.539 
LCS -0.473 0.000 -0.473 -0.473 
U. americanus (Constant) 0.038 0.492 -2.079 2.155 
LCS -0.033 0.088 -0.410 0.345 
U. arctos (Constant) -0.003 0.191 -0.413 0.407 
LCS -0.026 0.033 -0.096 0.045 
U. thibetanus (Constant) -0.630 0.174 -1.183 -0.078 
LCS 0.085 0.030 -0.011 0.181 
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Table B-145: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 30 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.760 0.000 1.760 1.760 
LCS -0.322 0.000 -0.322 -0.322 
U. americanus (Constant) -0.342 0.299 -1.626 0.943 
LCS 0.044 0.053 -0.185 0.273 
U. arctos (Constant) 0.192 0.118 -0.060 0.445 
LCS -0.048 0.020 -0.091 -0.004 
U. thibetanus (Constant) -0.226 0.052 -0.393 -0.060 













Table B-146: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 31 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.788 0.000 -0.788 -0.788 
LCS 0.193 0.000 0.193 0.193 
T. ornatus (Constant) 2.496 1.962 -22.432 27.423 
LCS -0.400 0.354 -4.898 4.098 
U. americanus (Constant) -0.250 0.095 -0.661 0.160 
LCS 0.099 0.017 0.026 0.172 
U. arctos (Constant) 0.501 0.185 0.105 0.898 
LCS -0.033 0.032 -0.102 0.035 
U. thibetanus (Constant) 0.514 0.200 -0.124 1.151 










Table B-147: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 33 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.490 0.000 1.490 1.490 
LCS -0.275 0.000 -0.275 -0.275 
T. ornatus (Constant) 0.371 0.017 0.161 0.581 
LCS -0.087 0.003 -0.125 -0.049 
U. americanus (Constant) -0.328 0.203 -1.201 0.546 
LCS 0.042 0.036 -0.114 0.198 
U. arctos (Constant) -0.171 0.129 -0.448 0.106 
LCS 0.014 0.022 -0.034 0.062 
U. thibetanus (Constant) -0.214 0.041 -0.344 -0.084 










Table B-148: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 34 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 5.819 0.000 5.819 5.819 
LCS -0.992 0.000 -0.992 -0.992 
U. americanus (Constant) 0.077 0.560 -2.331 2.484 
LCS 0.022 0.100 -0.407 0.452 
U. arctos (Constant) 0.409 0.128 0.135 0.682 
LCS -0.032 0.022 -0.079 0.015 
U. thibetanus (Constant) 0.412 0.339 -0.667 1.492 
LCS -0.038 0.059 -0.226 0.150 
 
Table B-149: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 35 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.244 0.000 -0.244 -0.244 
LCS 0.054 0.000 0.054 0.054 
U. arctos (Constant) 0.080 0.129 -0.197 0.356 
LCS -0.001 0.022 -0.049 0.047 
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Table B-150: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 36 
onto log centroid size pooled per species for all extant members of the family Ursidae. Highlighted confidence 
intervals do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.876 0.000 0.876 0.876 
LCS -0.169 0.000 -0.169 -0.169 
T. ornatus (Constant) 0.183 0.012 0.032 0.334 
LCS -0.053 0.002 -0.080 -0.026 
U. americanus (Constant) 0.192 0.038 0.027 0.357 
LCS -0.050 0.007 -0.080 -0.021 
U. arctos (Constant) -0.138 0.118 -0.392 0.115 
LCS 0.008 0.020 -0.035 0.052 
U. thibetanus (Constant) -0.102 0.053 -0.271 0.068 












All Ursidae Crania with Twelve Landmarks 
 
Table B-151: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 2 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -3.222 0.000 -3.222 -3.222 
LCS 0.566 0.000 0.566 0.566 
T. ornatus (Constant) -0.177 0.015 -0.362 0.007 
LCS 0.034 0.003 0.001 0.068 
U. americanus (Constant) 0.068 0.224 -0.896 1.031 
LCS -0.013 0.040 -0.185 0.159 
U. arctos (Constant) -0.082 0.129 -0.359 0.196 
LCS 0.014 0.022 -0.033 0.062 
U. spelaeus (Constant) -0.045 0.192 -0.538 0.447 
LCS 0.008 0.031 -0.071 0.087 
U. thibetanus (Constant) 0.035 0.082 -0.227 0.297 






Table B-152: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 3 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.876 0.000 0.876 0.876 
LCS -0.171 0.000 -0.171 -0.171 
U. arctos (Constant) 0.071 0.082 -0.104 0.246 
LCS -0.028 0.014 -0.058 0.002 
U. spelaeus (Constant) 0.082 0.211 -0.460 0.624 
LCS -0.027 0.034 -0.115 0.060 
U. thibetanus (Constant) -0.024 0.116 -0.392 0.344 












Table B-153: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 4 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -3.963 0.000 -3.963 -3.963 
LCS 0.630 0.000 0.630 0.630 
T. ornatus (Constant) 0.200 0.313 -3.783 4.182 
LCS -0.101 0.057 -0.820 0.617 
U. americanus (Constant) 0.258 0.186 -0.542 1.058 
LCS -0.114 0.033 -0.256 0.029 
U. arctos (Constant) -0.208 0.122 -0.470 0.055 
LCS -0.029 0.021 -0.074 0.017 
U. spelaeus (Constant) -0.382 0.152 -0.772 0.008 
LCS 0.001 0.024 -0.062 0.064 
U. thibetanus (Constant) -0.492 0.149 -0.966 -0.017 








Table B-154: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 5 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.792 0.000 -0.792 -0.792 
LCS 0.151 0.000 0.151 0.151 
U. arctos (Constant) 0.079 0.164 -0.273 0.432 
LCS -0.001 0.028 -0.062 0.059 
U. spelaeus (Constant) -0.216 0.178 -0.673 0.241 
LCS 0.046 0.029 -0.028 0.119 
U. thibetanus (Constant) 0.361 0.151 -0.118 0.840 
LCS -0.051 0.026 -0.135 0.032 
 
Table B-155: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 6 
onto log centroid size pooled per species for all members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.679 0.000 -0.679 -0.679 
LCS 0.100 0.000 0.100 0.100 
U. arctos (Constant) -0.024 0.139 -0.321 0.273 
LCS -0.011 0.024 -0.063 0.040 
U. spelaeus (Constant) 0.121 0.174 -0.326 0.569 
LCS -0.034 0.028 -0.106 0.038 
U. thibetanus (Constant) 0.213 0.115 -0.153 0.580 
LCS -0.053 0.020 -0.116 0.011 
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Table B-156: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 7 
onto log centroid size pooled per species for all members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.049 0.000 -1.049 -1.049 
LCS 0.163 0.000 0.163 0.163 
U. arctos (Constant) -0.398 0.155 -0.730 -0.065 
LCS 0.052 0.027 -0.005 0.110 
U. thibetanus (Constant) -0.190 0.261 -1.019 0.640 
LCS 0.017 0.045 -0.128 0.161 
 
Table B-157: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 8 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.580 0.000 0.580 0.580 
LCS -0.093 0.000 -0.093 -0.093 
U. arctos (Constant) -0.098 0.115 -0.345 0.148 
LCS 0.022 0.020 -0.021 0.064 
U. spelaeus (Constant) -0.297 0.147 -0.676 0.082 
LCS 0.054 0.024 -0.007 0.115 
U. thibetanus (Constant) 0.102 0.125 -0.295 0.500 
LCS -0.013 0.022 -0.083 0.056 
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Table B-158: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 9 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.330 0.000 0.330 0.330 
LCS -0.022 0.000 -0.022 -0.022 
U. arctos (Constant) -0.230 0.217 -0.696 0.236 
LCS 0.068 0.037 -0.013 0.148 
 
Table B-159: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 10 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 2.622 0.000 2.622 2.622 
LCS -0.443 0.000 -0.443 -0.443 
U. arctos (Constant) -0.133 0.174 -0.505 0.240 
LCS 0.037 0.030 -0.028 0.101 
U. spelaeus (Constant) -0.397 0.158 -0.802 0.008 
LCS 0.078 0.025 0.013 0.143 
U. thibetanus (Constant) 0.085 0.055 -0.089 0.259 





Table B-160: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 11 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 4.172 0.000 4.172 4.172 
LCS -0.714 0.000 -0.714 -0.714 
U. americanus (Constant) 0.489 0.313 -0.857 1.835 
LCS -0.079 0.056 -0.319 0.161 
U. arctos (Constant) 0.026 0.161 -0.320 0.371 
LCS 0.004 0.028 -0.055 0.064 
U. spelaeus (Constant) 0.030 0.244 -0.598 0.658 
LCS 0.002 0.039 -0.099 0.103 
U. thibetanus (Constant) 0.211 0.148 -0.260 0.682 










Table B-161: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 12 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.879 0.000 -1.879 -1.879 
LCS 0.346 0.000 0.346 0.346 
U. arctos (Constant) 0.034 0.162 -0.313 0.381 
LCS 0.009 0.028 -0.051 0.068 
U. spelaeus (Constant) 0.628 0.199 0.116 1.139 
LCS -0.088 0.032 -0.170 -0.005 
U. thibetanus (Constant) 0.162 0.191 -0.446 0.770 












Table B-162: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 13 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.543 0.000 -0.543 -0.543 
LCS 0.150 0.000 0.150 0.150 
U. americanus (Constant) 0.543 0.129 -0.010 1.096 
LCS -0.039 0.023 -0.137 0.060 
U. arctos (Constant) 0.401 0.155 0.069 0.733 
LCS -0.012 0.027 -0.069 0.045 
U. spelaeus (Constant) 0.468 0.214 -0.082 1.018 
LCS -0.019 0.034 -0.108 0.069 
U. thibetanus (Constant) 0.323 0.070 0.100 0.545 










Table B-163: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 14 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -4.805 0.000 -4.805 -4.805 
LCS 0.854 0.000 0.854 0.854 
T. ornatus (Constant) 0.512 0.179 -1.762 2.787 
LCS -0.073 0.032 -0.483 0.337 
U. americanus (Constant) 1.153 0.874 -2.605 4.912 
LCS -0.188 0.156 -0.859 0.482 
U. arctos (Constant) 0.214 0.173 -0.158 0.586 
LCS -0.019 0.030 -0.083 0.045 
U. spelaeus (Constant) 0.039 0.179 -0.421 0.498 
LCS 0.010 0.029 -0.064 0.084 
U. thibetanus (Constant) -0.118 0.136 -0.551 0.315 









Table B-164: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 15 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.960 0.000 0.960 0.960 
LCS -0.170 0.000 -0.170 -0.170 
U. arctos (Constant) 0.127 0.084 -0.052 0.306 
LCS -0.024 0.014 -0.055 0.007 
U. spelaeus (Constant) -0.134 0.169 -0.568 0.299 
LCS 0.020 0.027 -0.050 0.090 
U. thibetanus (Constant) 0.069 0.094 -0.230 0.368 
LCS -0.013 0.016 -0.065 0.039 
 
Table B-165: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 16 
onto log centroid size pooled per species for all members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.634 0.000 -1.634 -1.634 
LCS 0.323 0.000 0.323 0.323 
U. arctos (Constant) 0.550 0.139 0.252 0.848 
LCS -0.063 0.024 -0.114 -0.011 
U. spelaeus (Constant) 0.229 0.216 -0.326 0.784 
LCS -0.008 0.035 -0.097 0.081 
U. thibetanus (Constant) 0.166 0.163 -0.354 0.686 
LCS 0.007 0.028 -0.084 0.098 
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Table B-166: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 17 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 3.403 0.000 3.403 3.403 
LCS -0.592 0.000 -0.592 -0.592 
T. ornatus (Constant) -0.202 0.118 -1.706 1.301 
LCS 0.035 0.021 -0.237 0.306 
U. americanus (Constant) -0.742 0.534 -3.038 1.554 
LCS 0.135 0.095 -0.274 0.545 
U. arctos (Constant) -0.028 0.104 -0.251 0.194 
LCS 0.004 0.018 -0.034 0.042 
U. spelaeus (Constant) 0.076 0.146 -0.299 0.451 
LCS -0.009 0.023 -0.069 0.051 
U. thibetanus (Constant) 0.046 0.113 -0.313 0.404 







Table B-167: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 19 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.811 0.000 -1.811 -1.811 
LCS 0.327 0.000 0.327 0.327 
U. arctos (Constant) -0.133 0.093 -0.333 0.066 
LCS 0.032 0.016 -0.003 0.066 
U. spelaeus (Constant) -0.207 0.270 -0.900 0.486 
LCS 0.039 0.043 -0.072 0.151 
U. thibetanus (Constant) -0.063 0.113 -0.424 0.298 
LCS 0.025 0.020 -0.038 0.088 
 
Table B-168: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 20 
onto log centroid size pooled per species for all members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.340 0.000 0.340 0.340 
LCS -0.087 0.000 -0.087 -0.087 
U. arctos (Constant) -0.105 0.172 -0.473 0.263 
LCS -0.005 0.030 -0.068 0.059 
U. spelaeus (Constant) -0.215 0.163 -0.634 0.205 
LCS 0.012 0.026 -0.055 0.080 
U. thibetanus (Constant) -0.148 0.074 -0.383 0.088 
LCS 0.006 0.013 -0.035 0.047 
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Table B-169: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 21 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -3.176 0.000 -3.176 -3.176 
LCS 0.555 0.000 0.555 0.555 
T. ornatus (Constant) 0.824 0.292 -2.888 4.535 
LCS -0.139 0.053 -0.809 0.530 
U. americanus (Constant) 0.511 0.197 -0.338 1.360 
LCS -0.082 0.035 -0.233 0.069 
U. arctos (Constant) 0.163 0.104 -0.061 0.387 
LCS -0.019 0.018 -0.058 0.019 
U. spelaeus (Constant) 0.088 0.216 -0.466 0.643 
LCS -0.007 0.035 -0.096 0.083 
U. thibetanus (Constant) -0.241 0.128 -0.648 0.167 








Table B-170: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 22 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 3.219 0.000 3.219 3.219 
LCS -0.536 0.000 -0.536 -0.536 
U. americanus (Constant) 0.475 0.073 0.159 0.790 
LCS -0.057 0.013 -0.113 -0.001 
U. arctos (Constant) 0.138 0.160 -0.206 0.482 
LCS 0.000 0.028 -0.059 0.059 
U. spelaeus (Constant) 0.138 0.205 -0.388 0.665 
LCS -0.004 0.033 -0.088 0.081 
U. thibetanus (Constant) -0.009 0.099 -0.323 0.306 
LCS 0.032 0.017 -0.023 0.087 
 
Table B-171: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 23 
onto log centroid size pooled per species for all members of the family Ursidae. Highlights as above. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.266 0.000 0.266 0.266 
LCS -0.063 0.000 -0.063 -0.063 
U. americanus (Constant) -0.620 0.179 -1.390 0.150 
LCS 0.094 0.032 -0.043 0.231 
U. arctos (Constant) -0.207 0.144 -0.515 0.101 
LCS 0.020 0.025 -0.033 0.073 
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Table B-172: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 24 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -1.857 0.000 -1.857 -1.857 
LCS 0.326 0.000 0.326 0.326 
T. ornatus (Constant) 0.203 0.102 -1.096 1.502 
LCS -0.034 0.018 -0.268 0.200 
U. arctos (Constant) 0.034 0.089 -0.158 0.225 
LCS -0.004 0.015 -0.037 0.029 
U. spelaeus (Constant) -0.248 0.133 -0.589 0.094 
LCS 0.042 0.021 -0.013 0.097 
U. thibetanus (Constant) -0.345 0.131 -0.763 0.073 










Table B-173: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 25 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -2.794 0.000 -2.794 -2.794 
LCS 0.494 0.000 0.494 0.494 
U. arctos (Constant) -0.301 0.216 -0.765 0.162 
LCS 0.052 0.037 -0.028 0.131 
U. spelaeus (Constant) 0.136 0.313 -0.668 0.940 
LCS -0.022 0.050 -0.151 0.108 
U. thibetanus (Constant) -0.335 0.163 -0.853 0.184 












Table B-174: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 26 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -2.278 0.000 -2.278 -2.278 
LCS 0.393 0.000 0.393 0.393 
U. americanus (Constant) 0.186 0.265 -0.956 1.328 
LCS -0.039 0.047 -0.242 0.165 
U. arctos (Constant) -0.115 0.123 -0.378 0.149 
LCS 0.014 0.021 -0.031 0.060 
U. spelaeus (Constant) 0.308 0.195 -0.193 0.810 
LCS -0.057 0.031 -0.137 0.024 
U. thibetanus (Constant) 0.356 0.364 -0.801 1.513 










Table B-175: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 27 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.210 0.000 1.210 1.210 
LCS -0.185 0.000 -0.185 -0.185 
T. ornatus (Constant) -0.746 0.055 -1.442 -0.050 
LCS 0.163 0.010 0.037 0.289 
U. arctos (Constant) -0.025 0.150 -0.346 0.296 
LCS 0.028 0.026 -0.028 0.083 
U. spelaeus (Constant) -0.081 0.294 -0.838 0.676 
LCS 0.034 0.047 -0.088 0.156 
U. thibetanus (Constant) 0.284 0.216 -0.403 0.970 










Table B-176: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 28 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.599 0.000 1.599 1.599 
LCS -0.357 0.000 -0.357 -0.357 
U. americanus (Constant) -0.422 0.042 -0.602 -0.242 
LCS -0.002 0.007 -0.034 0.030 
U. arctos (Constant) -0.309 0.157 -0.647 0.028 
LCS -0.024 0.027 -0.082 0.034 
U. spelaeus (Constant) -0.261 0.155 -0.658 0.137 
LCS -0.029 0.025 -0.093 0.035 
U. thibetanus (Constant) 0.102 0.145 -0.361 0.565 










Table B-177: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 29 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 2.501 0.000 2.501 2.501 
LCS -0.466 0.000 -0.466 -0.466 
U. americanus (Constant) 0.049 0.499 -2.101 2.198 
LCS -0.034 0.089 -0.417 0.349 
U. arctos (Constant) -0.001 0.192 -0.413 0.410 
LCS -0.025 0.033 -0.096 0.045 
U. spelaeus (Constant) 0.149 0.351 -0.753 1.051 
LCS -0.049 0.056 -0.194 0.096 
U. thibetanus (Constant) -0.632 0.175 -1.190 -0.074 










Table B-178: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 30 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.784 0.000 1.784 1.784 
LCS -0.327 0.000 -0.327 -0.327 
U. americanus (Constant) -0.344 0.300 -1.633 0.946 
LCS 0.044 0.053 -0.185 0.274 
U. arctos (Constant) 0.191 0.118 -0.061 0.443 
LCS -0.047 0.020 -0.091 -0.004 
U. spelaeus (Constant) 0.140 0.184 -0.332 0.611 
LCS -0.035 0.030 -0.111 0.041 
U. thibetanus (Constant) -0.227 0.052 -0.391 -0.062 










Table B-179: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 31 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.800 0.000 -0.800 -0.800 
LCS 0.195 0.000 0.195 0.195 
U. americanus (Constant) -0.244 0.096 -0.658 0.170 
LCS 0.098 0.017 0.024 0.172 
U. arctos (Constant) 0.502 0.184 0.106 0.897 
LCS -0.033 0.032 -0.102 0.035 
U. spelaeus (Constant) 0.966 0.223 0.394 1.538 
LCS -0.104 0.036 -0.196 -0.012 
U. thibetanus (Constant) 0.513 0.200 -0.123 1.148 











Table B-180: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 33 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 1.481 0.000 1.481 1.481 
LCS -0.274 0.000 -0.274 -0.274 
T. ornatus (Constant) 0.376 0.011 0.232 0.521 
LCS -0.088 0.002 -0.114 -0.062 
U. americanus (Constant) -0.325 0.201 -1.189 0.540 
LCS 0.042 0.036 -0.113 0.196 
U. arctos (Constant) -0.169 0.128 -0.444 0.106 
LCS 0.013 0.022 -0.034 0.061 
U. spelaeus (Constant) -0.134 0.135 -0.482 0.213 
LCS 0.007 0.022 -0.049 0.063 
U. thibetanus (Constant) -0.215 0.040 -0.341 -0.089 








Table B-181: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 34 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 5.803 0.000 5.803 5.803 
LCS -0.989 0.000 -0.989 -0.989 
U. americanus (Constant) 0.081 0.559 -2.325 2.487 
LCS 0.022 0.100 -0.407 0.451 
U. arctos (Constant) 0.408 0.128 0.135 0.682 
LCS -0.032 0.022 -0.079 0.015 
U. spelaeus (Constant) 0.420 0.372 -0.537 1.378 
LCS -0.032 0.060 -0.186 0.122 
U. thibetanus (Constant) 0.411 0.339 -0.668 1.490 
LCS -0.038 0.059 -0.226 0.150 
 
Table B-182: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 35 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) -0.286 0.000 -0.286 -0.286 
LCS 0.061 0.000 0.061 0.061 
U. arctos (Constant) 0.079 0.129 -0.197 0.356 
LCS -0.001 0.022 -0.049 0.047 
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Table B-183: 95% confidence intervals of the regression coefficients of the regression of Procrustes coordinate 36 
onto log centroid size pooled per species for all members of the family Ursidae. Highlighted confidence intervals 
do not overlap. 
species Model 
Unstandardised Coefficients 95.0% Confidence Interval for B 
B Std. Error Lower Bound Upper Bound 
A. melanoleuca (Constant) 0.866 0.000 0.866 0.866 
LCS -0.167 0.000 -0.167 -0.167 
T. ornatus (Constant) 0.188 0.008 0.091 0.285 
LCS -0.054 0.001 -0.071 -0.036 
U. americanus (Constant) 0.193 0.040 0.019 0.367 
LCS -0.051 0.007 -0.082 -0.020 
U. arctos (Constant) -0.137 0.117 -0.388 0.115 
LCS 0.008 0.020 -0.035 0.051 
U. spelaeus (Constant) -0.178 0.144 -0.548 0.191 
LCS 0.014 0.023 -0.045 0.074 
U. thibetanus (Constant) -0.103 0.054 -0.274 0.068 
LCS 0.002 0.009 -0.027 0.032 
 
 
 
 
